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REMARKS 

Claims 1, 4-26 and 35-38 are pending. Applicants have amended Claims 1,11, and 19. 
The amendments add no new matter and are fully supported by the specification and claims as 
originally filed. Support for the amendments to the claims can be found, for example, in 
paragraphs [0036], [0041], [0042], [0043], [0050], , [0051], and elsewhere throughout the 
specification as originally filed. 

Claims 1, 4, 7, and 8 were examined in the final Office Action mailed November 12, 
2009, and stand rejected. Applicants address the specific rejections set forth in the final Office 
Action below. For the following reasons, Applicants respectfully traverse. 

Rejection Under 35 U.S.C. £ 103(a) - Ho et al. and Gold et al. 

The Examiner has maintained the rejection of Claims 1 and 4 as allegedly being 
unpatentably obvious under 35 U.S.C. § 103(a) in over Ho et al. (2002) Angew. Chem. Int. 
41:1548-1551 in view of Gold (1995) JBC 270:13581-13584, for the . reasons set forth in the 
Office Actions mailed June 18, 2009 and October 7, 2008. In the previous Office Actions, the 
Examiner argued that Ho teaches an optical sensor comprising a ssDNA complementary to a 
target (i.e., a complementary ssDNA molecule) and the same, water-soluble, cationic 
polythiophene derivative of the formula shown in Claim 1. The Examiner conceded that Ho does 
not specifically teach that the ssDNA of the optical sensor is an aptamer, i.e. such that the optical 
sensor detects and aptamer/target complex. The Examiner stated that Gold teaches that aptamers 
are single-stranded DNA molecules that interact with target molecules and that aptamers can be 
modified with visualization-enhancing adducts to detect target proteins. In the instant Office 
Action, the Examiner asserts that complementary binding interactions, e.g., those undertaken by 
aptamers and their ligands, require electrostatic interactions, hydrophobic interactions and van 
der Waals interactions. The Examiner argues that one skilled in the art would expect a binding 
of an aptamer to its ligand would have an optically detectable effect on the electrostatic 
interaction of the aptamer with a polythiophene. The Examiner concluded that it would have 
been obvious for one skilled in the art to substitute aptamer nucleic acid sequences as taught by- 
Gold with the polythiophene derivative taught in Ho for the purpose of detecting target molecules 
recognized by aptamers. 
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Applicants respectfully disagree. To establish a prima facie case of obviousness, the 
Examiner must establish at least three elements. First, the prior art reference (or references when 
combined) must teach or suggest all of the claim limitations: "All words in a claim must be 
considered in judging the patentability of that claim against the prior art." In re Wilson, 424 F.2d 
1382, 165 U.S.P.Q. 494, 496 (CCPA 1970); see also M.P.E.P. § 2143.03. Second, there must be 
a reasonable expectation of success. In re Merck & Co., Inc., 800 F.2d 1091 (Fed. Cir. 1986); 
see also M.P.E.P. § 2143.02. And finally, the Examiner must articulate some reason to modify 
or combine the cited references that renders the claim obvious. 

Applicants respectfully submit that the cited references cannot support a prima facie case 
of obviousness as required by 35 U.S.C. § 103(a), as the combined teachings of Ho and Gold 
would not provide the skilled artisan with a reasonable expectation of success, and the skilled 
artisan would have no reason to modify the teachings of Ho to arrive at Applicants' presently 
claimed invention. 

Claim 1 is drawn to an optical sensor comprising an aptamer and a polythiophene for 
detecting a target "selected from the group consisting of potassium ions, small organic 
molecules, amino acids, proteins, whole cells and nucleotides." As discussed during the 
telephonic interview of January 19, 2010, Applicants respectfully submit that the "nucleotide" 
aptamer target recited in Claim 1 is not an oligonucleotide, or nucleic acid molecule, as 
suggested in the final Office Action. (See, final Office Action, p. 4). As such, the optical sensor 
of Claim 1 is not the same as the optical sensor described in Ho, as suggested by the Office 
Action. 

The Ho reference relates to the optical detection of oligonucleotides that form dsDNA 
hybrids with complementary oligonucleotides. In the presence of a polythiophene, the dsDNA 
and the polythiophene form a triplex structure (dsDNA/polythiophene). (See, Ho, Figure 2). 
Applicants' presently claimed optical sensor differs from the optical sensor in the Ho reference as 
the presently claimed optical sensor is used to detect the specific quadruplex complexes formed 
by aptamers and their cognate targets, wherein the target is selected from the group consisting of 
potassium ions, small organic molecules, amino acids, proteins, whole cells and nucleotides. 

The Examiner's 103(a) rejection is based upon the premise that the ability to detect 
interactions between two complementary oligonucleotides with a polythiophene, as discussed in 
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Ho, can be extrapolated to any and all aptamer/target interactions. The Examiner contends that 
the skilled artisan would have a reasonable expectation of success, based upon the assertion that 
polythiophenes are molecules that are "sensitive to minor perturbations." As explained in further 
detail below, the skilled artisan would have had no expectation polythiophenes could be used in 
optical sensors to detect aptamer/target interactions, prior to Applicants' disclosure in the instant 
specification given the state of the art. 

As evidence of the state of the art regarding optical detection as of the effective filing 
date, Applicants submit herewith as Exhibit A, a Declaration from Mario LeClerc, Ph.D., an 
expert in the field of material chemistry, and a Canada Research Chair on Electroactive and 
Photoactive Polymers and a named inventor on the above-captioned application. Dr. LeClerc 
describes the detection of single stranded nucleic acid molecules {e.g., oligonucleotides) in a 
solution using a polythiophene and a complementary ssDNA, as described in Ho. Dr. LeClerc 
affirms that it was known that polythiophenes are capable of forming a "triplex" complex with 
double stranded DNA. (LeClerc Decl., %5) According to Dr. LeClerc, during the formation of 
the complex the polythiophene alters its structure, resulting in an optically detectable signal. 
(See, Id). The "triplex" complex and its optical signal are also described in Ho. (See, Ho, Figs. 
1-2). 

As of the effective filing date, the structure of aptamer/target complexes was understood, 
and it was known that they form G-quartet quadruplexes. The G-quadruplex structure of 
aptamer/target complexes is described, for example, in Osborne et al. (1997) Chem. Rev. 
97(2):349-370, submitted herewith as Exhibit B, Nutiu, et al. (2003) J. Am. Chem. Soc. 
125(16):4771-4778, submitted herewith as Exhibit C, Vairamani, et al. (2003) J. Am. Chem. 
Soc. 125(l):42-43, submitted herewith as Exhibit D, Michaud, et al. (2003) J. Am. Chem. Soc. 
125(28):8672-8679, submitted herewith as Exhibit E, Kankia, et al. (2001) J. Am. Chem. Soc. 
123(44): 10799-1 0804, submitted herewith as Exhibit F, and Famulok et al. (2000) Acc. Chem. 
Res. 33(9):59 1-599, submitted herewith as Exhibit G. In contrast to the structure of dsDNA, Dr. 
LeClerc states that "the three-dimensional structure of the complex between [an] aptamer and [a] 
non-nucleic acid target differs fundamentally from the three-dimensional structure of a nucleic 
acid duplex molecule." (Id., Tf6). 
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Due to the fundamental differences in the structure of the dsDNA hybrid, described in 
Ho, and aptamer/target G-quartet quadruplex complexes, as discussed above, Applicants 
respectfully submit that one skilled in the art would not have any expectation that polythiophenes 
could interact with aptamer/target sequences merely based upon their ability to interact with 
dsDNA sequences. According to Dr. LeClerc, prior to Applicants' invention, those skilled in the 
art recognized that it was "impossible to predict" and "even. . .considered unlikely" that 
polythiophenes would be capable of forming a complex with the quadruplex structure of the 
aptamer/target complex. (LeClerc Decl., ]f6). In addition to the unpredictability and likelihood 
that polythiophenes could even form a complex with the G-quartet quadruplex structures of 
aptamers/cognate targets, it was not expected and completely unpredictable whether such 
complex would produce an optical signal, even if it could associate with the aptamer/target 
structure. Dr. LeClerc testifies that "it was, at the timepoint of our invention, impossible to 
predict and had even to be considered as unlikely that polythiophenes as defined in [the above 
captioned] application can a) bind to said quadruplex structures and b) undergo a conformational 
change upon this binding which results in a detectable signal . . . [T]he signal we obtained from 
the quadruplex structure differs from the signal obtained] for a triplex structure." (Id, emphasis 
added). 

In view of the foregoing, Applicants respectfully submit that the skilled artisan, given the 
teachings of Ho and Gold, and particularly in light of the state of the art as evidenced by Exhibits 
A-G submitted herewith, would have no reasonable expectation of modifying the cited references 
in order to arrive at Applicants' presently claimed optical sensor. Because the detection of 
aptamer/target complexes was completely unpredictable and considered unlikely given the cited 
art and the state of the art as discussed herein, the references cannot support a prima facie case of 
obviousness under 35 U.S.C. § 103(a). Accordingly, Applicants respectfully request 
reconsideration and withdrawal of the rejection. 

Rejection Under 35 U.S.C. § 103(a) - Michaud et al. Ho et at. McQuade et al. Gold et al. and 
Nilsson et al. 

The Examiner has maintained the rejection of Claims 1,4, 7, and 8 as allegedly being 
unpatenably obvious over Michaud et al. (2004) Analytical Chemistry 74:1015-20, McQuade et 
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al. (2000) Chem. Rev. 100:2537-3574, Gold, and Nilsson (2002) J. Phys. Condens. Matter 
14:1001 1-10020 for the reasons set forth in the Office Actions mailed June 18, 2009 and October 
7, 2008. In addition to the teachings of Ho and Gold discussed above, the Examiner relied upon 
Michaud providing the teachings that SEQ ID NO:3 is an adeno sine-specific aptamer. The 
Examiner argued that McQuade teaches that "polythiophene antibody complexes are effective 
biosensors," and that Nilsson teaches that conjugated polythiophenes can be used to couple 
analyte-receptor interactions. The Examiner recognized that McQuade uses conjugated 
polythiophenes to transmit electrical (not optical) signals, and does not describe Applicants' 
polythiophene, but argues that the reference demonstrates "the versatility of polythiophenes" and 
lack of structural correlation between McQuade' s conjugated polythiophene and the instantly 
claimed polythiophene "is not important in view of the teachings of Ho, et al, who teach the 
polythiophene recited in the claims." (Office Action, at 6). The Examiner concludes that one 
skilled in the art would recognize that the use of polythiophenes in an aptamer-based sensor, 
wherein SEQ ID NO:3 is the aptamer and adenosine is the target, would function. 

Applicants respectfully disagree. For the reasons set forth above, the combined teachings 
of Ho and Gold cannot support a prima facie case of obviousness under 35 U.S.C. § 103(a). 
Applicants submit that the teachings of Michaud, McQuade and Nilsson do not cure the 
deficiencies in the prima facie case discussed above. Specifically, none of the references, either 
alone or in combination, provides a reason to expect that polythiophenes could associate with the 
particular G-quartet quadruplex structure characteristic of aptamer/target interactions. Nor do the 
references provide a reasonable expectation that even if such an association was possible, that it 
would result in an optically detectable signal. 

As an initial matter, McQuade et al. are completely silent regarding the specific 
polythiophene derivatives required in Applicants' claims. Furthermore, the alleged "biosensor" 
depicted in Figure 24 of McQuade et al. is completely different from Applicants' claimed optical 
sensor. Figure 24 depicts a polythiophene conjugated to a platinum surface . (McQuade, p. 2567, 
Col. 2, 2nd paragraph). The polythiophene-coated platinum surface is contacted with magnetic 
beads functionalized with antibodies specific for atrizine, in the presence or absence of atrizine 
or atrizine-glucose kinase. After contact with atrizine, the capacitance current is measured. 
(McQuade, p. 2568 Col 1, 1st paragraph.) The polythiophene shown in Figure 24 is not sensor 
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that detects aptamer/target interactions. In fact, the polythiophene shown in Figure 24 is not a 
"polythiophene-antibody sensor" as suggested by the Examiner. Nor is the polythiophene shown 
in Figure 24 of McQuade even an "optical sensor," as there is no mention of optical measurement 
in connection with Figure 24. 

Elsewhere on page 2567, McQuade et al, describe " antigens " labeled with polythiophene 
derivatives of unspecified structure. McQuade et al. report that upon binding a corresponding 
antibody, the optical density of the polymer band at 380 nm was observed to increase with 
increasing concentration of cognate antibody. McQuade suggests that the increase in polymer 
absorbance is due to "local pH change[s] that occur[] when the antigen and antibody bind." 
(McQuade, 2567, Col. 2). McQuade is completely silent about the use of an optical sensor that 
includes an oligonucleotide that binds to an aptamer . In particular, there is nothing to suggest 
that the polythiophene could associate with or detect the G-quartet quadruplex structure of an 
aptamer/target complex. As such, there is no scientific basis for the assertion that the skilled 
artisan, in view of the teachings of McQuade, would have a reasonable expectation of 
successfully arriving at Applicants' claimed optical sensor. 

According to the Examiner, Nilsson teaches that "polythiophenes [in general] are 
sensitive to minor perturbations." The Examiner relies upon this single statement, as evidence 
that would suggest that Applicants' claimed optical sensors would work. As with McQuade et 
al., however, Nilsson is completely silent about the particular optical sensors recited in 
Applicants' claims. In fact, Nilsson relates to "amino-acid-functionalized polythiophene [s]." 
(Nilsson et al., Title). Further, as with McQuade, Nilsson provides no teaching that would lead 
the skilled artisan to reason that polythiophenes, and, in particular, Applicants' presently claimed 
polythiophenes, can be combined with single stranded oligonucleotide aptamers, to detect targets. 
Accordingly, Nilsson does not cure the deficiencies of the other cited references, in establishing a 
prima facie case of obviousness. 

In view of the foregoing, Applicants respectfully submit that Michaud, Ho, McQuade, 
Gold, and Nilsson fail to provide the skilled artisan with a reasonable expectation of success, and 
therefore do not support a prima facie case of obviousness under 35 U.S.C. § 103(a). Applicants 
respectfully request reconsideration and withdrawal of the rejection accordingly. 
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No Disclaimers or Disavowals 

Although the present communication may include alterations to the application or claims, 
or characterizations of claim scope or referenced art, Applicant is not conceding in this 
application that previously pending claims are not patentable over the cited references. Rather, 
any alterations or characterizations are being made to facilitate expeditious prosecution of this 
application. Applicant reserves the right to pursue at a later date any previously pending or other 
broader or narrower claims that capture any subject matter supported by the present disclosure, 
including subject matter found to be specifically disclaimed herein or by any prior prosecution. 
Accordingly, reviewers of this or any parent, child or related prosecution history shall not 
reasonably infer that Applicant has made any disclaimers or disavowals of any subject matter 
supported by the present application. 

CONCLUSION 

In view of the above amendments and remarks, Applicants respectfully maintain that the 
claims are patentable and request that they be passed to issue. Applicants invite the Examiner to 
call the undersigned if any remaining issues may be resolved by telephone. Please charge any 
additional fees, including any fees for additional extension of time, or credit overpayment to 
Deposit Account No. 11-1410. 

Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR, LLP 



Dated: February 11,2010 



By: 

Kathleen R. Mekjian vo 
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EXHIBIT A 



- DECLARATIO N QJE MARIO LECLERC 

I, Mario Leclerc, do declare thai: 
}. 1 am a Canadian citizen residing., ai 909 rueiLaudaoce, Apt. 316; Quebec (Quebec) 
G1X5H7, Canada. I was professor of chemistry at the University de Montreal between 
1989 and 1998 and since 1998,1 have been professor of chemistry at Universiti Layal. 

2. Hoang-Anh HO, Maurice BOISSINOT and I are the inventors of EP 04737768 (in the 
following "the. application") which is based o» PCT application No. 
PCT/CA2004A)00824 "Optical Sensor Based on Hybrid Aptamer / Conjugated Polymer 
Complexes'* published under WO 2GP4/106544.on December 9. ,2004. In this, application, 
we describe and claim a system for the detection of various targets by using a sensor 
comprising an aptamer capable of binding to the target and-a poljlhiophene; As presently, 
claimed, these targets are different from nucleic acid -moldcules. In the following, i will 
explain why I am of the opinion that, at the. time point of pur. invention, it could not have 
been. expected- th^t aptamer-polythiophene sensors are useful for the detection of non- 
nucleic acid targets. ' 

3. The claimed sensors, comprise two components, an aptamer and a porythiophene- 
Aptamers are synthetic nucleic acid molecules capable of binding to target molecules. At 
the time point of our invention, it was known that such aptamers can bind a variety of 
ligands including various metal ions, ammo acids, drugs, proteins Or other, molecules (see 
application, [0003], last sentence and the literature cited therein). In fact, when we made 
our invention, it Was common general-knowledge: how to identify: such aptamers. 



Furthermore, at the time point of our invention, the polytruophenes which form the 
second component of the claimed sensor were also generally known (see eg- our own 
invention WO 02/81 735, DJ, in the present proceedings). 

Finally, at the time point of pur invention, it was also known that it is possible to detect 
nucleic acid molecules in. a solution by usinga sensor. comprising a nucleic acid molecule 
c»mplranentary to thfc nucleic acid molecules to be detected and a po^ophene. This 
was our invention which we described in Dl. la the experiments ^ing to.the invention 
described in M, we <£u|d/ demons^", dka| £ 'fjj^k^il^^i^^fe ^fompSng'ft 
complex with a dquWe^stiind^ DNA. pyim& fOimatibn : : ^ this ; cpmples, .tb* 
pOlythiophene alters its structure ; which i. d^te^fc.sfgnal. This complex 
between double-sTjrandecl DNA and rwlvthippliene is called' ; ^riplex" in Etf (see e.g. . 
Figure 6 of Dl). ■'" 

'However, it was not'knpwii and could not be expected Vat the time- point wheii we i jnade 
our inyebtion. that..polythibpheaes are capabje-of forming a-.cbrnplSx' with an aptamer 
binding a non-nucleic acid molecule. Even more, it could not be expected -that the 
• formation of such* wn^to resuffe in a de'tectable'signaJ: the reason for this is'that, at., 
the time point of our invenno.n,i it. Was laioW from the literature "that the -.three: 
d.tniensipnal sfructure of the,' complex bfemMqMmlut the neh-nuclefc^itf target 
differs fumlamentMy : stiru^e.:of a nucleic acid, duplex j. 

molecule: As e.g\aehi6Dsijratcd. in'the a^hey^iic^ons tmcleic Acid Selection and , 
the Challenge of Combinatoriai [Chemistry; j^uadruplex. Formation of Thrombin^. 
Bindmg Aptamer Detected b y -E^^ 

Thrombin Aptamer into a G-giiadrupjex with SB-f :• StabUfty.Heat, and Hydration; A 



DNA Aptamer as a New Target-Specific Chiral Selector for HPLC; Structure-Switching 
Signaling Aptamers; and Nucleic Acid Aptamers From Selection in Vitro to Applications 
in Vivo), aptamers can form G-quartets (often called quadruple*) upon the binding of a 
specific target. The formation of this structure has also been confirmed by ourselves in 
the experiments shown in the application (see e.g. Figures 1 and 3. page 11, [0041 J and 
[00423]. Such G-quartets have a totally different conformational structure, from double- 
stranded Oligonucleotides or DNA. Due to the difference in the structure, it was, at the 
time point of our Invention, impossible to predict and had even to be considered as 
unlikely that potythiophenes as defined in our application can a) bind to said quadruplex 
structures and b) undeTgo a conformational change upon this binding which results in a 
detectable signal. In this context, it is again important to note that .the signal we obtained 
for the quadruplex structure differs from the signal obtain for a triplex structure .in Dl , 

7. For this reason, it is my opinion that, at the time point when we made our invention, there 
was no hint in the literature that complexes between, an aptamer and a non-nucleic acid 
target could be detected with the help of a polythiophene. 

8. I declare that all statements made in this declaration of my knowledge are true and that all 
statements made on irtforination and belief arc believed to be true; and further that these 
statements were mad* with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, and that such willful false 
statements may jeopardize the validity of the application or aoy patent issued thereon. 

Date Mario Leclerc 
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Mario Leclerc 

Professor, Chemistry of Materials 
Canada Research Chair on Electroactive 
and Photoactive Polymers 



Universe Laval 
Quebec City (P.Q.) 
Canada G IK 7P4 

Office: Pavilion Vachcn, 2240-C 

Phone: 418-656-3452 

Fax: 418-656-7916 

E-mail: mario.lectCTCfachm.ulaval.ca 



More than 160 publications in peer reviewed journals! cited over 6000 times; H-index 
of4S; 

9 Invited book chapters; 
9 Awarded or filed patents; 

1 06 Inviied lectures at prestigious rnstitutions and meetings; 
Training of more than 32 graduate students-, 

Invited Professor at the TJniveraite de Paris-XUl and Paris-V], as well at the University 
of Durham. 



: A *** VBm8nte > 2006 « Professcur EtoiIc» Outstanding Teaching Award from the Faculty or Scienoe 

and Engineering given to professors having superior student evaluation of their courses 

a—den,.- B^c. Chemistry Universite Laval 1983 

„"!_ _.. Ph.D. Chemistry Universite Laval 1987 

Background PostdoC INRS-Energie et Matiriaux 1987-88 

Postdoc Max-Flanck-lrtstinrte for Polymer Research 1988-89 



Assistant Professor University de Montreal 

Invited Professor Universite 1 de Paris- XIII 

Associate Professor Universite de Montreal 

Invited Professor University of Durham 

Full Profe««r University de Montreal 

Full Professor Universite Laval 



1 989-1994 
May-June 1992 
1994-1998 
Aug.-Oet. 1996 
1998 
1998- 



HoMcr of the Canada Research Chair (Tier I) on 

Electroactive and Photoactive Polymers 



2001- 

June- July 2001 
June-July 2003 



Invited Professor Universite" de Paris-xm 
Invited Professor Universite de Paris-VI 



1 . H.A- Ho, M. Boissinot, M.G. Bergeron, G. Corbeil, JC Dore, D. Boudreau and M. 
Ledert, «Cotortmetrfe and Fluoramerrle Detection of Nucleic Acids Using 

CationfcPolythiopheneDtrivaKves>>,/trnjeM>. Chan. Int. Ed., ±L 1548-1551 (2002). 
Extensive studies over the last fifteen years on new chromic conjugated polymers and 
oligomers have led us to (he rational design of novel optical and electrochemical 
biosensors. We have gained an international leadership in this field, as shown by 
many related invited lectures, invited reviews, and book chapters. Recent 
optimizations have led to the specific detection of less than 20 copies of genetic 
materials. 

2. J.F. Morin and M- LecMrt, «Sytrtheses of Conjugated Polymers Derived From W- 
allwL2,7^T\txuU&,MacHmoteeu!B.24 r 46&0-46B2 (2001). Our synthetic work 
on conjugated poryrocn; has led us to prepare, for the first time, well-defined and 
conjugated polyi;2,7-carbfl»>|e) derivatives. This novel and promising class of 
electroactive and photoactive polymers should open new research areas in the field of 
light-emitting diodes, thermoelectric devices, photovoltaic cells, and transistors. In 
particular, this novel class Df conjugated polymers has allowed the development of 
light-emitting materials that cover the full visible range and this significant 
achievement has been outlined in chemistry.org (ACS), Heart Cut, October 28"' 2002. 
We were invited to present our first work in this area at an ACS meeting (Boston, Fall 
2002) and to write a review for Macrcmoleeular Rapid Communications (2005). 

3. M .Ranger, D. Rondeau, and M . Lecltrc, «New Well-Denned Pory(2,7-llu D re»e) 
Derivatives; Pnotolurainescence »rrd Base-Doping*, Macromoteiules 30, 768*5-7691 
(1997), For the first rime, we have reported the synthesis of well-defined homo- and 
alternating fluqrcne-ba«d conjugated polymers by Suzuki coupling reactions. This 
publication has paved the way to a new class of luminescent and conducting polymers. 
This important publication has already been cited 3 1 4 times. This pioneer work was 
followed by othi:r studies from my group on luminescent and base-dopable conducting 
polyfluorcnes. Our work on polyfluorenes has been me subject of an invited review in 
the Journal of Polymer Science, Chemistry Edition (2001). 

169.N. Le Bouch, Ml Auger, and M. Lecltrc, -Structure and Segmental Motions in a 
Substituted Polyihiophene: a Solid-State NMR Study". Mocromol. Chem. Phys., in 
press. 

1 68.N. Blouin end M. Letlerc (Invited Review), "PoWZ.'-carbazole)* Stnicrure-Properry 

Relationships", ,4cc. Chem. Res., 4J, 1110-1 1 19 (2008). 
167.P.-UT. Boudrcault, N- Blouin, and ML Letter* (Invited Review), " Poly(2,7- 

carbazole)s and related polymers'*. Adv. Pofym. Sci, 212, 99-124 (2008). 
1665. Wakim, B.-R. Aich, Y. Tao, and M. Lederc (Invited Review), "Charge Transport, 

Photovoltaic, and T^ermoeteetric Properties of Polyf2,7-carb»zote) and 

Poly(irtdolo[3^-b]carbazole Derivatives". Polymer Xeviews, 48, 432-462 (2008). 
165.H.A. Ho. A. Najari, and M. Leclere (Invited Review), "Optical Detection of DNa and 

Proteins with Cationic Porythiophenes", Acc. Chem. Res., 4J, 1 68-1 78 (2008). 



164.N. Blouin, A. Michaud, D. Cendron. S. Wakim. R Plcsu, M. Bdletetc, G. Durocher, 
Y. Tao, and 1M. Leclerc, Towards a Rational Design of Poly(2,7-carbazole) 
Derivatives for Solar Cells", J. Am. Chan. Sec. 132, 732-742 (2008). 

I63.CJ. Sigurdson. K.P.R. Nilsson, S. Homemann. G. Manco, M. Polymcnidou. P- 
Schwarz, M. Ledere, P. Hammarerrom, K. Wuthrich, and A. Agusa. "Prion Strain 
Discrimination Using Luminescent Conjugated Polymers", Nature Methods, 4. 1023- 
1030(2007). 

162J.-L. T. Boudreauh, A. Michaud, and M. Leclerc, "A New Poly(2,7-dirjeri»»ik>le) 
Derivative in Polymer Solar Cells*, Mxromol. Rapid Commun.. 2J. 2176-2179 
(2007). 

I61.M. Belletete, P.-L. T. Boudreault, M. Leclerc and G. Durocher, ''Investigation of the 

Structure, Optical Properties, and Photophysics of Some indolocarbatoles Having 

Terminal Aromatic Rings",./. Mot. Snruct., 15-22 (2007). 
I60.M. Leclerc (Editorial, Guest Editor. Cover Picture), "30 Years of Conducting 

Polymers", MacromoL Rapid Commun. 2ft, 1675 (2007). 
I59.S. Wakim, N- Blouin, E. Gingras, Y. Tao, and M. Ledere (Invited Paper), "Pory(2,7- 

carbazolc) Derivatives as Semiconductors for Organic Thin-Film Transistors", 

MacromoL Rapid Commun., 28, 1798-1803 (2007). 
IS8.N. Blouin, A. Michaud, and M. Leclerc, "New Low-Bsmogap Poly(2,7-Carba2ole) 

Derivative for Use in High-Perfonnancc Solar Cells", Adv. Mater^ 19, 2295-2300 

(2007). 

157.P.-L.T. Boudreatilt, S. WpHrb. N- Bloom, M. Simard, C. Tessier, Y. Tao, and M. 
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/. Introduction 

Drugs are small organic molecules. This axiom has 
dominated the thinking of both chemical academics 
and the pharmaceutical industry for decades, and for 
good reason: it works. Small organic compounds can 
be made relatively cheaply in large yields and have 
proven to be extremely effective at manipulating 
the biochemistry and physiology of humans. The 
effectiveness of small organic compounds is in turn 
due in large part to their ability to fit tightly into 
the active sites or regulatory domains of enzymes, 
the binding pockets of receptors, and the interfaces 
of macromolecular complexes. 

Drugs can be designed or found or both. Designing 
new drugs generally relies on an intimate under- 
standing of the biochemistry of a disease state, 
including in many cases a knowledge of the structure 
of a biopolymer target. In contrast, finding drugs 
involves screening compounds with assays that are 
indicative of a disease state. Until recently, the 
organic compounds that were screened were by and 
large natural products and their derivatives. How- 
ever, synthetic chemists have more recently found 
that they can rival Nature's bounty by developing 
methodologies that allow the modular synthesis of 
compounds. 12 Multiple reagents of a given type (e.g., 
primary amines) are added either together or in 
parallel at different steps of a synthetic scheme, 
resulting in a "combinatorial" accumulation of com- 
pounds. As before, these combinatorial chemical 
libraries are screened using automated, high-through- 



put assays, and the best leads are subjected to further 
modification and testing. 

While the current paradigm for drug development 
is the identification of small organic effectors of 
metabolism, it is not the only possible route. Biopoly- 
mers are also extremely adept at altering the function 
of organisms, organs, cells, or, ultimately, other 
biopolymers. The utility of biopolymer drugs is 
attested by the fact that proteins such as insulin and 
erythropoetin have generated markets that are in the 
billions of dollars. Biopolymer drugs can be identified 
by design or screening, but there is also an additional 
route to their discovery: selection. Random sequence 
mixtures of peptides, proteins, or nucleic acids can 
be generated and individual molecules winnowed 
from the population by allowing them to bind to or 
be utilized by an enzyme, receptor, or cellular target. 
The selected molecules are then amplified in vitro or 
in vivo. Multiple cycles of selection and amplification 
will foster competition between active compounds, 
and should eventually result in the purification of 
those few molecular species that have the highest 
affinity or efficacy for a given target (Figure 1). In 
contrast, most organic compounds are not readily 
replicable and therefore cannot be selected and evolve 
in the same way that biopolymers can. It should be 
noted, however, that organic chemists have begun to 
blur the distinction between replicable biopolymers 
and nonreplicable organic molecules. For example, 
chemical libraries can be prepared in which informa- 
tion regarding the binding activity or efficacy of an 
individual compound or set of compounds is linked 
to sequence (e.g., position scanning libraries or 
SURF), 3 4 locale (VLSIPS), 5 or an encoded replicable 
or non-replicable tag. 6-8 Each method allows subli- 
braries with a desired activity to be resynthesized 
and rescreened. Chemical libraries in effect become 
"replicable" and can be selected through the invest- 
ment of organic synthetic effort rather than biosyn- 
thetic transformations. 

In order for biopolymer selection to be recognized 
as an important contender in drug discovery efforts, 
especially in light of the great strides that have been 
made in combinatorial chemistry, one of two condi- 
tions must be recognized: either selected biopolymers 
must become drugs that have unique properties or 
are inherently better than small organics, or selected 
biopolymers must be useful for the generation of 
conventional pharmaceuticals. Using the in vitro 
selection of nucleic acids as an example, we seek to 
establish why both conditions are likely. 

While there have been numerous reviews of both 
the methods for and the products of in vitro 
selection, 9 " 15 we will approach the subject from a 
more chemical perspective. A brief review of the 
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method will yield principles of experimental design 
that are generally relevant to combinatorial chem- 
istry. The specificities and affinities of selected 
nucleic acids for their targets will be examined in 
order to determine if nucleic acids enjoy some special 
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advantage over organic compounds. Conversely, we 
will recount how the two chief disadvantages of 
potential nucleic acid pharmaceuticals, size and 
instability, may be remedied by appropriate chemical 
modifications. Next, the implications of selection 
experiments for conventional drug design will be 
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Figure 1. General schema for in vitro selection. A random sequence, single-stranded DNA pool is generated by chemical 
synthesis. Constant sequences flanking the random core are used for enzymatic manipulation. For example, the 5'-end 
might contain a T7 promoter and second strand priming site, while the 3'-end might contain a cDNA priming site (black 
boxes). Transcription with a RNA polymerase generates random sequence RNA, which can then be subjected to affinity 
purification (the selection process). Those RNAs that do not bind the immobilized ligand are washed away and discarded, 
whereas those which favorably interact with the ligand are selectively retained. Following affinity elution, the binding 
species are reverse transcribed to cDNA, amplified by PCR, and transcribed into RNA. The pool of random oligonucleotides 
is then once again subjected to the selection process. Multiple cycles of in vitro selection will result in selective purification 
of sequences that have a high affinity for the ligand of choice. 
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detailed. We argue that selection can be used both 
to define nucleic acid targets and to hone the speci- 
ficities of compounds that bind to and inhibit the 
functions of nucleic acids. 

//. A Brief History of Nucleic Acid Selection 

It is frequently assumed and sometimes claimed 
on the basis of several arresting publications that the 
in vitro selection of nucleic acids was invented circa 
1990. In fact, there is a large amount of prior art 
that precedes and presumes the development of 
modern methods for in vitro selection. The realiza- 
tion that nucleic acids could embody structure and 
function as well as carry information immediately 
suggested to experimentalists that it should be pos- 
sible to carry out selection experiments at the mo- 
lecular level. In the absence of a collection of 
purified, commercially available enzymes and am- 
plification techniques such as the polymerase chain 
reaction (PCR), Sol Spiegelman and his co-workers 
used small RNAs derived from the Q/9 bacteriophage 
genome and an encoded polymerase, the Q/9 replicase, 
to develop a system for the in vitro replication and 
evolution of molecules. 16 This system accurately 
mimicked many of the properties of natural selection 
at the macroscopic level: the "fit" (or the fecund) 
survived, competition resulted in changes in the 
frequencies of different genotypes, mutants with 
novel properties emerged, parasites preyed on 
replicators. 17 " 19 Although the first in vitro selection 
experiments were performed over 20 years ago they 
nonetheless provided an important intellectual frame- 
work for what was to become a rapidly expanding 
field. The development of automated methods for the 
chemical synthesis of DNA allowed extremely di- 
verse, random sequence libraries to be constructed, 
while the invention of in vitro amplification tech- 
niques, such as the polymerase chain reaction, en- 
abled researchers to efficiently recover selected se- 
quences and carry out multiple cycles of selection and 
amplification. Together, these advances prompted 
researchers to expand in vitro selection experiments 
beyond the molecular biology of the Q/9 phage. A 
plethora of different selection experiments were 
carried out independently and nearly simultaneously, 
a fact which belies the notion that a single epiphany 
was responsible for the development of the field. 
Kevin Struhl, Larry Loeb, and their co-workers were 
among the first to take advantage of random syn- 
thetic libraries to probe oligonucleotide function, and 
selected functional promoter sequences either in vitro 
or in vivo. 20 ' 23 As the use of random sequence 
libraries became increasingly popular, a number of 
researchers also defined binding sites for regulatory 
proteins. 24 " 28 The extrapolation of in vitro selection 
techniques from double-stranded to single- stranded 
nucleic acid shapes was obvious and led to the 
accelerated discovery of selected ligands (sometimes 
called aptamers) for a wide variety of targets. 29,30 
Today, in vitro selection (sometimes called SELEX, 
the Systematic Evolution of Ligands by Exponential 
enrichment 29 ) has moved beyond its academic roots 
to encompass the pursuit of lead compounds for 
therapeutic applications and the design of new 
diagnostic assays. 



///. How It Works 

A review of the methods used in in vitro selection 
experiments will provide essential background for a 
comparison with combinatorial chemistry. The in 
vitro selection process begins with a pool of sequence 
and structural diversity. Early experiments relied 
on the fact that Q/9 replicase is extremely error-prone 
and generates numerous mutations each time it 
reproduces an RNA template. However, the number 
of different sequences that can be generated enzy- 
matically is dwarfed by the number of different 
sequences that can be manufactured chemically. By 
programming a DNA synthesizer to add equal 
amounts of G, A, T, and C phosphoramidites at each 
step of a chemical synthesis, populations of 10 13 to 
10 16 different DNA oligonucleotides can be routinely 
created. The use of solid phase oligonucleotide 
synthesis also allows researchers to more precisely 
control other characteristics of a nucleic acid pool. 
The length of the random sequence tract can be 
programmed to be anywhere from 1 to up to 140 or 
more residues. The degree of randomization can also 
be varied by varying the composition of the phos- 
phoramidite mixtures. While many selections start 
with completely random nucleic acid pools, natural 
nucleic acid ligands can be partially randomized to 
contain, say, 70% wild-type and 10% of each non- 
wild-type residue (i.e., if a position in a ligand were 
a guanosine the pool would contain 70% G, 10% A, 
10% T, and 10% C at that position ). Partial random- 
ization generates a pool with multiple mutations 
centered on the wild-type sequence. 31 Finally, chemi- 
cal synthesis allows details regarding how a nucleic 
acid pool will be manipulated to be specified in 
advance. Constant sequence regions typically flank 
the random sequence tracts and allow the nascent 
DNA oligomer to be amplified by PCR. Promoter 
sequences included within the constant regions fa- 
cilitate the enzymatic transformation of a DNA pool 
into an RNA or even modified RNA pool. 

Each member of the nucleic acid pool has a differ- 
ent sequence and, thus, a different set of chemical 
groups that will fold into differing structures that 
have differing properties or are capable of different 
functions. Individual members of a pool are sepa- 
rated from one another on the basis of their ability 
to perform an arbitrary task. For example, RNA and 
DNA molecules that can carry out catalytic reactions 
such as ligation and phosphorylation have been 
culled from random sequence mixtures. 32,33 The focus 
of this review is nucleic acid binding species (aptam- 
ers), and a wide variety of methods have been 
adapted to their selection. For example, nucleic acids 
that interact with protein targets have been trapped 
on nitrocellulose filters or separated from uncom- 
plexed species on native polyacrylamide gels. Aptam- 
ers that bind small molecules such as cofactors or 
vitamins can be isolated by affinity chromatography. 
Unbound nucleic acids are washed away from bound, 
and the bound species are then eluted by adding an 
excess of soluble ligand, changing solvent conditions, 
or cleaving from the solid support (via a reversible 
disulfide cross-link, for example). As was the case 
for pool synthesis, the progress of an in vitro selection 
can be more precisely controlled than the progress 
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of a natural selection. The stringency of a selection 
can be varied by changing the concentration of target, 
the buffer conditions for binding, and the volume of 
wash that precedes elution. 1314 - 34 

Up to this point, there is little difference between 
screening a chemical library and a nucleic acid 
library. In both cases, only a few binding species may 
remain in the population following the initial screen. 
However, nucleic acids can be directly amplified 
using conventional molecular biology methods. In 
early experiments, Q/S replicase provided up to 10 9 - 
fold amplification of successful sequences. Unfortu- 
nately, Q/9 replicase discriminates between sequences 
on the basis of their suitability as templates or their 
replicability, and thus might inadvertently amplify 
a survivor with medium affinity at the expense of a 
poorer replicator with higher affinity. Newer meth- 
ods allow greater control over the process of ampli- 
fication and yield fewer artifacts. Selected DNA 
molecules can be readily amplified using PCR. RNA 
or modified RNA molecules must first be converted 
to DNA copies using reverse transcriptase, but can 
then also be amplified with the PCR. RNA can be 
regenerated from the amplified DNA via in vitro 
transcription with a bacteriophage polymerase, such 
as those from phage SP6 or phage T7. Other ampli- 
fication methods combine these steps; for example, 
the transcription-based amplification system (TAS, 
also known as 3SR) 35 utilizes reverse transcriptase 
and RNA polymerase to cycle between DNA and RNA 
intermediates, mimicking the life cycle of retrovi- 
ruses. 

Multiple cycles of selection and amplification result 
in competition between binding species and allow 
aptamers with the highest affinity to be extracted 
from a population. The number of cycles of selection 
required to preferentially amplify a binding species 
or set of species is a function of the ligand, degree of 
randomization, and stringency, but from three to 15 
cycles is typical. The entire process can take from a 
few days to a few months, but on average 2-4 weeks 
suffices. After the population has been pared down 
to those sequences which bind the ligand with high 
affinity, the pool is cloned and individuals sequenced. 
The number of discrete sequences that remain in a 
population following selection will range from one to 
thousands. Comparisons between selected sequences 
and their predicted secondary structures frequently 
reveal similar motifs or substructures that are im- 
portant for binding function. 36 However, it is equally 
likely that aptamers will fall into unrelated families; 
that is, there may be multiple sequence "answers" 
to a given binding "problem". 

IV. What Selection Reveals about Combinatorial 
Chemistry 

Superficially, results garnered from in vitro selec- 
tion experiments may not seem applicable to the 
design and screening of chemical libraries. As we 
have emphasized, chemical libraries are not repli- 
cable, while nucleic acids, for all of their diversity, 
are not small organic molecules that can be readily 
converted to drugs. However, nucleic acid libraries 
are chemical combinatorial libraries in the broadest 
sense of the term, and in both cases the problem of 



Table 1. Number of Different Oligonucleotides Based 
on the Number of Random Residues 

no. of no. of sequentially 

random residues different compounds 

1 4 
4 256 
10 «s 10 5 

20 * 10 12 

30 w 10 18 

40 =» 10 24 



sorting through large numbers of different sequences 
(or compound formulae) and structures remains the 
same. Therefore, it may be possible to apply some 
of the lessons learned from nucleic acid selections to 
chemical library screens. For example, some of the 
considerations encountered during the design and 
execution of in vitro selection experiments, such as 
the problems of library coverage and skewing, may 
have counterparts in screens for pharmacophores. 
Such comparisons may or may not eventually be 
shown to be accurate, but their true value lies in how 
they can aid researchers to develop principles for 
experimental design in the nascent field of combina- 
torial chemistry. 

Neither nucleic acid libraries nor chemical libraries 
completely span the universe of all possible struc- 
tures. Because there are only four possible (natural) 
monomers, it is easier to quantitate the diversity and 
completeness of nucleic acid libraries (Table 1). For 
example, a nucleic acid pool that has 40 randomized 
positions potentially contains 4 40 or about 10 24 dif- 
ferent sequences, each one of which will have a 
unique associated structure. In practice, though, 
synthetic limitations confine most libraries to at most 
10 16 different sequences. Therefore, in this example 
only one in every 10 8 possible base combinations is 
represented. Of course, mutations that arise during 
the amplification process increase the total number 
of species that are examined during the course of the 
selection, and for this reason amplification proce- 
dures that are inherently mutagenic are sometimes 
used. Nonetheless, for most selection experiments 
the important statistic is not the total number of 
species nor the coverage of "sequence space", but 
rather the number of successful species that are 
originally present in the actual population. This ratio 
varies from approximately 1:10 6 to 1:10 12 , depending 
on the target and the stringency of selection. In 
general, library size is not an obstacle to the identi- 
fication of aptamers. Similarly, although combina- 
torial chemical libraries are frequently only 10 3 to 
10 6 strong, they nonetheless contain an impressive 
array of compounds, many of which are found to be 
active in a variety of assays. For example, Ellman 
has identified numerous compounds with novel bind- 
ing specificities from a chemical library based solely 
on relatively limited modifications of a benzodiaz- 
epine backbone. 37 

It is less clear whether or not these incomplete 
nucleic acid libraries or chemical libraries of necessity 
contain the best possible compounds. Of course, in 
the absence of carrying out experiments with librar- 
ies that completely span sequence or structure spaces, 
it may never be possible to know. Once again, 
although, some in vitro selection experiments provide 
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Figure 2. Consensus sequence of anti-Rev aptamers from 
nucleic acid libraries containing 18 (l) 38 and 32 
random residues. In all cases throughout this review, the 
top stand of an oligonucleotide sequences reads 5' to 3'. 

clues as to whether incomplete libraries are "complete 
enough". RNA molecules that can bind to the Rev 
protein of HTV-1 have been selected from random 
sequence libraries of either 18 or 32 residues in 
length. 38-40 The library that contained 18 random 
sequence positions was likely complete, while the 
library that spanned 32 residues was not. Nonethe- 
less, high-affinity aptamers with similar motifs were 
recovered from both libraries (1 and 2, Figure 2), 
indicating that at least in this instance the lack of 
coverage did not affect the outcome of the search. 
Similarly, aptamers that could bind to vascular 
endothelial growth factor (VegF) have been isolated 
from modified RNA libraries that spanned either 30 
or 50 random sequence positions; the same high- 
affinity binding motif was recovered from both librar- 
ies. 41 

It may be possible to improve the probability of 
finding the best possible binding species by present- 
ing random sequences within the context of a struc- 
tured nucleic acid, just as antibodies present their 
variable loops within the immunoglobulin frame- 
work. For example, while Giver and co-workers 
isolated anti-Rev aptamers from a library in which 
up to 18 residues within an internal loop were 
randomized, 38 these authors also carried out a second 
selection starting from a library in which only 10 
residues within an internal loop were randomized. 
The aptamers isolated from the two libraries had 
different sequences and binding characteristics: the 
aptamers isolated from the library with 18 random- 
ized residues bound roughly 3-fold better than those 
isolated from the library with the shorter random 
sequence tract. These results can be interpreted to 
indicate either that more diverse libraries inherently 
contain better binding sequences or that the flanking 
constant sequences in the shorter library may have 
influenced the course of the selection. Similarly, 
Hamm synthesized nucleic acid libraries in which 
random sequence tracts were presented either in the 
context of a secondary structural elements, a G- 
quartet, or as an unstructured random sequence 
tract. 42 Aptamers that could bind to an antiferritin 
antibody were selected in parallel from both libraries. 
Unfortunately, the results of these experiments could 
not be interpreted to determine whether or not 
structure-specific libraries assist in identifying high- 
affinity binding species, since the primer binding 
sites in the constant regions paired with one another 
to form a strong secondary structure. This design 
resulted in the selection of species that could most 



efficiently bind primers and be amplified, rather than 
species that could bind to the antibody, and the 
selected populations were correspondingly skewed. 

Overall, one possible interpretation of these experi- 
ments is that sequence motifs that are optimal for 
binding are frequent enough that they can be found 
even in incomplete libraries. Put another way, it may 
be either that long (and hence rare) sequence motifs 
are not uniquely suited to binding or that numerous 
variants of long sequence motifs (at least some of 
which will be found in an complete library) are more 
or less equally good at high-affinity binding. Trans- 
lated from nucleic acid to chemical libraries, the 
implication is that complete coverage of functional 
space can be achieved even with limited libraries. 
Theoretical analyses by Peter Schuster and co- 
workers are consistent with these empirical observa- 
tions. 43 These authors have demonstrated using a 
simple folding algorithm that even relatively limited 
sets of nucleic acid sequences can completely cover 
secondary structural space, making it unlikely that 
any but the rarest shapes will be underrepresented 
in a random sequence pool. However, there is an 
important caveat to this analysis: nucleic acids are 
linear polymers that fill shape and functional spaces 
by folding, and the folded structures have some 
inherent flexibility. Indeed, some selected nucleic 
acids, such as anti-nerve growth factor (NGF) aptam- 
ers, 44 only become structured on binding to their 
targets. Compounds within chemical libraries tend 
to be far more constrained, and hence may not 
represent the same dynamic ensemble of shapes. 
Instead, chemical libraries cover shape space by 
utilizing a much wider variety of fixed functional 
groups. Extending this comparison, it is possible that 
monomer diversity and monomer flexibility may 
compensate for one another in the design of chemical 
libraries: a smaller number of flexible monomers 
may be as useful for lead discovery as a larger 
number of more fixed monomers, despite the entropic 
cost that is paid on binding. This principle may 
explain why chemical libraries with some inherent 
flexibility, such as Chiron's peptoids, have proven 
successful. 45 

An alternative explanation for why selections that 
start with different pools give the same sequence 
answer is that the shortest answer typically wins. 
This phenomena has been called the "tyranny of short 
motifs", 46 and can be readily illustrated: in a random 
sequence pool, a particular 10 nucleotide motif will 
appear in roughly one in a million molecules, while 
a 20 nucleotide motif will appear in one in a trillion 
molecules, or a million-fold less frequently. Unless 
the 20 nucleotide motif has an affinity for a target 
molecule that is much higher than that of the 10 
nucleotide motif, it will almost never be found in a 
selected population. While the inherent numerical 
advantage of shorter motifs can be partially offset by 
increasing the stringency of the selection, the highest 
affinity aptamers may never be known if small 
nucleic acid structures can form relatively tight 
complexes with their targets. The identification of 
short but suboptimal motifs has been observed in the 
selection of RNA molecules; several examples should 
suffice to link theory with experiment: 
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Figure 3. Consensus sequences of aptamers (3) that bind 
D-arginine nearly 2-fold better than L-arginine (box indi- 
cates that different canonical base pairs were conserved 
in 21 of 23 variants examined; N indicates any residue). 47 
An aptamer was also recovered that could bind both 
arginine and guanosine (4). The aptamer found by Tao and 
Frankel (5) resembled a TAR-hke structure (M indicates 
A, G, or U). 49 Famulok and co-workers derived two different 
aptamers (6f° and (7) 51 from long, random sequence pools. 

(1) Selection of anti-arginine aptamers. Yarus and 
his co-workers have selected RNAs that can bind to 
arginine (3) 47 or to arginine and guanosine (4) 48 from 
random sequence pools (Figure 3). In both cases the 
random sequence regions were relatively short (25 
residues), and the selected motifs utilized the con- 
stant flanking regions to form functional secondary 
structures; in other words, at least part of the 
information in the selected motif was "fixed" prior to 
selection. The dissociation constants for the arginine: 
RNA complexes ranged from 200 to 4 mM. Tao 
and Frankel also selected RNAs that could bind to 
arginine from a pool that spanned 30 random se- 
quence positions. 49 While the recovered motifs (5) did 
not rely on constant sequences for binding function, 
the dissociation constants of the arginine:RNA 
complexes were again in the millimolar range. In 
contrast, Famulok selected anti-arginine aptamers 
(6) from a partially randomized pool that spanned 
74 positions; 50 the dissociation constants for the 
arginine:RNA complexes were as low as 10 piM. The 
sequences of the selected aptamers bore no resem- 
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Figure 4. The two predominant aptamer families isolated 
from the selection against bFGF in the absence (8) and 
presence (9) of heparin (R = A or G; Y = C or U; M = A or 
C; W = A or U; D = A, G, or U; and N = any base). 62 

blance to those selected previously. This same group 
also selected anti-arginine aptamers from a com- 
pletely randomized pool that spanned 113 positions; 51 
the dissociation constants for the best arginine:RNA 
complexes were 330 nM. The sequences of the 
selected aptamers (7) bore no resemblance to those 
selected previously. 

(2) A correlation between selection stringency and 
motif complexity was observed in selections that 
targeted basic fibroblast growth factor (bFGF). 52 Two 
RNA pools that spanned 30 random sequence posi- 
tions were used as starting points for the isolation 
of anti-bFGF aptamers; the first pool was selected 
against bFGF alone, while the second pool was 
selected against bFGF in the presence of heparin. 
Two predominant aptamer families were isolated 
(Figure 4). Family 1 was predicted to form a stem- 
loop that contained a side bulge (8), while family 2 
was predicted to form a stem capped by a very large 
loop (9). The first selection with the first pool 
returned both family 1 motif and family 2 motifs, 
while the second selection with the second pool 
returned primarily the family 2 motif. Both families 
interacted with the heparin binding site of bFGF, but 
family 2 aptamers bound roughly 10-fold better to 
bFGF than family 1 aptamers. While it may be that 
the differences in constant region sequences between 
the two pools favored the isolation of family 2 motifs 
in the second selection, the fact that this motif was 
found in several registers in selected aptamers argues 
against this. Rather, it may be that the inclusion of 
heparin favored the selection of family 2. This 
hypothesis was borne out by examining the complex- 
ity of the selected ligands. The "information content" 
of these families was estimated on the basis of the 
number of conserved and semiconserved residues. 
The family 1 motif was expected to occur once every 
3.6 x 10 7 molecules, while the family 2 motif was 
expected to occur only once every 4.8 x 10 11 molecules. 
Thus, the less stringent selection returned molecules 
of varying information content, while the more 
stringent selection returned the less probable motif. 
This is precisely the result that would have been 
predicted based on our understanding of the tyranny 
of short motifs. 

(3) Ribozymes as well as aptamers appear to be 
subject to the "tyranny". Bartel and Szostak selected 
RNA ligases from a random sequence pool that 
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spanned 220 positions. 32 Three families of ligases 
were identified; two classes were structurally simple 
and contained multiple representatives, while the 
final class was extremely complex and contained only 
a single representative. 5354 Again, this result is 
consonant with the tyranny of short motifs. Interest- 
ingly, the single, complex ribozyme should not have 
been found at all: its "information content" was so 
high that it should have been present only once in 
every 2.5 x 10 18 sequences, while the original pool 
spanned only 1.4 x 10 15 sequences. These results 
imply either that Bartel was extraordinarily lucky, 
or that multiple, complex motifs were present in the 
population. If the latter hypothesis is true, it may 
resolve a potential contradiction between the "tyr- 
anny" and the observation we made above that even 
incomplete libraries seem to be "complete enough" to 
successfully carry out selection experiments. While 
many complex, highly functional motifs may not be 
present in an incomplete library, if there are a 
number of these motifs at least one is likely to be 
found. 

Taken together, these examples verify the reality 
of the "tyranny of short motifs," and further support 
the contention that longer, more complex pools can 
return aptamers that are as good as or better than 
those found in shorter, less complex pools, even when 
the latter are structurally constrained. In order to 
translate these results from RNA to chemical librar- 
ies, it is necessary to assume that the structural and 
functional diversity generated by sequence is equiva- 
lent to the structural and functional diversity gener- 
ated by differing chemical groups. If this equivalence 
is true, the more structurally diverse the chemical 
library, the better the likelihood of selecting a high- 
affinity drug candidate. While this hypothesis cur- 
rently forms the basis for the design of numerous 
chemical libraries, empirical support for it has been 
difficult to obtain. 

V. The Advantages of Selected Nucleic Acids 

While organic compounds can interact tightly and 
specifically with target molecules, biopolymer ligands 
will frequently exhibit even better binding charac- 
teristics. This generalization is rooted in the fact that 
large "hosts" and large "guests" can form large 
interfaces. The best drugs will bind in clefts or 
crevices on a target molecule, forming an intricate 
network of interactions. The best biopolymers can 
also bind in clefts or crevices, but will in addition 
generate clefts or crevices of their own that can enfold 
surface features of the target. The more extensive 
interaction surface provides additional opportunities 
for a biopolymer "host" to discriminate between 
closely related target "guests". This generalization 
is also bolstered by the exquisite specificities of 
known antibody:antigen interactions. Consider that 
antibodies cannot only bind to surface features of 
protein antigens, but can actually induce conforma- 
tional changes in the epitopes that are recognized. 
As the structure of the interface between antibody 
and antigen deforms, each molecule has several 
chances to reject any noncognate partner. 

There are multiple examples of how selected nu- 
cleic acids can discriminate between even closely 



related targets. For example, aptamers selected to 
bind one reverse transcriptase (RT) do not interact 
with related proteins. RNA ligands to RT from the 
human immunodeficiency virus (HTV-1) did not in- 
hibit similar enzymes from avian myeloblastosis 
virus (AMV) or Moloney murine leukemia virus 
(MMLV). RNA ligands to feline immunodeficiency 
virus RT did not inhibit similar enzymes from AMV, 
MMLV, and HTV-1. 55 Anti-bFGF aptamers bound to 
their cognate cytokine from 100- to 1000000-fold 
better than related fibroblast growth factors. 56 RNA 
aptamers directed against the /?II isozyme of protein 
kinase C did not inhibit the a isozyme, 57 which is 80% 
homologous, and strongly discriminated against the 
pi isozyme, which differs by only 37 of 673 residues 
localized primarily in the carboxy terminus. DNA 
aptamers to human thrombin showed preferential 
binding to thrombin over other serine proteases. 58 
The anti-thrombin aptamer could even discriminate 
against protein variants that differed by only a single 
amino acid. A mutation (R70E) in thrombin exosite 
I eliminated interactions with the thrombin aptam- 
er. 59 Interestingly, DNAs selected to bind to the 
R70E variant could interact with wild-type thrombin 
as well, 60 indicating that there may be aptamer 
"generalists" as well as "specialists". 

As expected, the basis for aptamer selectivities 
appears to be their ability to meld with surfaces 
features of a protein, fitting to crevices and/or enfold- 
ing protrusions. Aptamers selected to bind to the 
human T-cell leukemia virus regulatory protein Tax 
interacted with a particular subset of functional 
features, blocking protein:protein interactions with 
some transcription factors but not others. 61 Aptam- 
ers selected to bind to Q/? replicase formed two classes 
that did not compete with one another for binding 
and recognized independent sites on the protein. 62 
The interaction of aptamers with particular protein 
surface features has been impressively validated by 
structural studies of the anti-thrombin aptamer. The 
DNA 15-mer is found to form a G-quartet stack 
similar to that observed for telomeric DNA (Figure 
5) 63-66 Mutational and chemical protection analysis 
had indicated that the aptamer interacted with the 
anion-binding exosite of thrombin, 59,67 and this was 
confirmed by a crystallographic study. 68 A loop on 
the thrombin aptamer pokes into the exosite, and 
phosphate oxygens contact basic amino acids while 
thymines are involved in hydrophobic interactions. 

Aptamers can also wrap around amino acid se- 
quence tracts, similar to the way antibodies bind to 
continuous epitopes on proteins. Nieuwlandt and co- 
workers selected aptamers that could bind to a 
peptide, substance P. 69 The aptamers could ef- 
ficiently recognize oligopeptides as short as 7 amino 
acids in length, but did not recognize the sequence 
presented in a reverse orientation. Xu and Ellington 
selected aptamers that could bind to a 17-mer a-heli- 
cal peptide derived from the Rev protein. 70 Binding 
studies with peptide variants indicated that some 
aptamers recognized individual amino acids. The 
aptamers could also recognize the same amino acid 
sequence when presented within the context of the 
Rev protein, just as antipeptide antibodies can fre- 
quently cross-recognize proteins. 
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Figure 5. Base-pairing scheme of G-quartet < 1 0) in which 
the bases alternate between a syn and and torsion angle 
in order to form a web of hydrogen bonds. Base-stacking 
arrangement of G-quartets found in the anti-thrombin 
aptamer (11) also alternate from syn to anti. 68 

The affinities of selected nucleic acids for their 
targets are generally quite good, with dissociation 
constants falling in the subnanomolar to decanano- 
molar range. These values are comparable to those 
of conventional drugs and of some monoclonal anti- 
bodies or Fabs. The relative binding abilities of 
aptamers have previously been reviewed (Table 2). 9 ' 12 

Recently, several methods have been developed to 
enhance the affinities of selected nucleic acids for 
their targets. Small molecules have been appended 
to aptamers in order to direct them to bind at 
particular sites on a target. In a variation of this 
method, Lin and co-workers tethered an aptamer 
selected to bind human neutrophil elastase to a 
tetrapeptide that was a weak inhibitor of the en- 
zyme. 71 The two compounds bound at separate sites 
on the enzyme surface, and thus could act coopera- 
tively when linked together. The affinity of the 
aptamer for elastase was improved by a modest 2-fold 
(K v = 7 nM), but the inhibitory ability of the peptide 
increased by five orders of magnitude. In a separate 
set of studies, Smith and co-workers conjugated a 
RNA pool to a suicide inhibitor of elastase and 
selected RNA conjugates that could become co- 
valently bound to the target. 72 Again, the small 
molecule increased the (noncovalent) binding affinity 
of the aptamer by around 20-fold. More impressively, 
conjugation reduced cross-reactivity with related 
targets by over 100-fold. Nucleic acids that can 
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Table 2. Relative Binding Abilities of Aptamers to 
Various Proteins 
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covalently cross-link to their targets can also be 
selected on the basis of chemistry inherent in the 
nucleic acid, rather than on the chemistry inherent 
in the target or its active site. 73 A nucleic acid pool 
was synthesized with a photolabile nucleotide, 5-io- 
douridine (12), in place of uridine, mixed with a 
protein target, HTV-1 Rev, and then exposed to UV 
light (Chart 1). Those nucleic acid species that bound 
Rev and positioned the photolabile nucleotide adja- 
cent to a chemically compatible surface feature of the 
protein became cross-linked. The covalently bound 
species were isolated, amplified, and further selected 
both for their ability to bind in the absence of irra- 
diation and for their ability to form extremely tight 
complexes that cannot be dissociated by denatur- 
ation. The ligands that were eventually discovered 
could bind with subnanomolar affinities and ef- 
ficiently cross-linked to the target protein. Amaz- 
ingly, some of the selected species also had the ability 
to cross-link even in the absence of irradiation. One 
of the many nucleophiles on the surface of the protein 
likely catalyzed the displacement of iodine and the 
formation of a covalent bond to the 5 position of 
uridine. 
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Chart 1. Structure of Modified Nucleotides Used 
To Increase Nuclease Resistance and Chemical 
Stability of Aptamers 
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ML WaWng Nuc/e/c Ac/ds More Stable and 
Smaller 

Any advantages selected nucleic acids may have 
in terms of affinity and specificity are obviated if they 
are too fragile for clinical use or too expensive to 
make. Unfortunately, RNA can be quickly degraded 
by a wide variety of nucleases found in sera and cells. 
In fact, the half-life of most natural or selected RNA 
molecules in sera is minutes or less. DNA molecules 
are slightly more stable, with half-lives up to hours. 
In addition, the development of antisense technology 
has collaterally yielded a variety of methods for the 
large scale synthesis and in vivo stabilization of 
DNAs. Thus, it is important to realize that in vitro 
selection experiments can be carried out with DNA 
libraries as well as with RNA libraries (Table 3). The 
first example, already described, of a DNA selection 
against a protein target was the identification of anti- 
thrombin aptamers. 58 While the initial selections 
returned a small, readily manipulable 15-mer motif, 
additional selections have found that this motif can 
be expanded to include an adjacent stem structure. 74 
Anti-IgE aptamers were selected from a random 
sequence DNA pool that spanned 40 or 60 posi- 
tions. 178 The aptamers bound their target with an 
affinity of 10 nM. Anti-reverse transcriptase aptam- 
ers have been selected from a random sequence DNA 
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pool, bound the enzyme with a K D of about 2 nM, and 
inhibited reverse transcriptase activity with a Ki as 
low as 0.3 nM. 75 As was the case with aptamers 
selected from RNA libraries, the selected DNA was 
specific for its cognate reverse transcriptase. 

A. Modified Nucleotides 

Further stabilization can be afforded by the intro- 
duction of chemical modifications into selected nucleic 
acids (Table 4). In general, modifications of the 2' 
position of ribotides or of the phosphodiester back- 
bone interfere with the enzymatic mechanisms of 
nucleases and lead to concomitant increases in 
stability. Modified nucleotides can be introduced 
either into the initial pool (presubstitution) or fol- 
lowing selection of binding species (postsubstitution) 
or both. 

Presubstitution strategies rely on the ability of 
DNA polymerases, or RNA polymerases and reverse 
transcriptases, to utilize modified nucleotides as 
substrates. 7677 Several selections have now been 
carried out in which one or more of the canonical 
nucleotides in the original library was replaced with 
a modified nucleotide (Chart 1). In the first reported 
use of modified bases during selection anti-thrombin 
aptamers were isolated from a DNA pool that con- 
tained 5-(l-pentynyl)-2'-deoxyuridine (13). 76 This 
modified nucleotide had previously been shown to 
enhance the activities of antisense oligonucleotides 
and could be readily incorporated into growing strands 
by a thermostable polymerase. The anti-thrombin 
aptamers were dependent on the modified base for 
activity, but actually had less affinity for thrombin 
than aptamers selected from a "natural" DNA library. 
The modified nucleotides 2'-aminocytidine (14) and 
2'-aminouridine (15) interfere with ribonuclease cleav- 
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age, are recognized by T7 RNA polymerase and AMV 
reverse transcriptase, and have been substituted for 
their natural counterparts in a number of selections. 
Lin and co-workers selected nucleic acid ligands that 
could bind to human neutrophil elastase and were 
completely substituted with these modified pyrim- 
idines. 77 The aptamers were dependent on the amino 
sugars for high-affinity binding, and the half-lives of 
the substituted RNAs were increased to many hours 
in serum. Similarly, aptamers that bound bFGF or 
vascular endothelial growth factor (VegF) were se- 
lected from pools containing modified pyrimidines. 41 - 78 
The anti-bFGF aptamers had Kn values as low as 3.5 
x 10" 10 M and their stability in serum was increased 
by at least 1000-fold relative to unsubstituted RNAs 
(other experiments suggest that the relative stabili- 
ties of such substituted RNAs is likely increased by 
10 6 -fold 19 >. Sequence and deletion analyses of the 
anti-VegF aptamers allowed a minimal binding spe- 
cies (32 residues) to be designed. In order to further 
stabilize the construct to exonuclease degradation, 
several residues containing phosphorothioates were 
added to the 5'- and 3'-termini. The minimal aptam- 
er containing modified nucleotides and phospho- 
rothioate caps was found to form a complex with 
VegF that had a dissociation constant of 2.4 nM and 
its half-life in rat urine (an even more hostile 
environment than serum 41 ) was 17 h. 

Because the identity of individual residues in 
selected sequences is critical for binding it would not 
necessarily be predicted that postsubstitution of 
modified nucleotides would lead to ligands that were 
both stable and efficacious. Surprisingly, modified 
nucleotides can be used to improve both properties. 
The anti-VegF aptamers that contained 2'-aminopy- 
rimidines were further substituted with 2'-0-meth- 
ylpurines (16 and 17). 41 Complete substitution of all 
purines in the minimal motif led to a drastic (100- 
fold) decrease in binding affinity. However, selected 
substitution of 10 of the 14 purines present actually 
led to a 10-fold increase in binding affinity and an 
8-fold increase in stability; the final aptamer had a 
half-life in urine of 131 h. The improvement in 
affinity was largely due to a decrease in the dissocia- 
tion rate of the complex. Green and co-workers were 
also able to use to postsubstitution to radically 
improve the stability of aptamers selected from RNA 
pools. 80 A novel interference analysis was used to 
determine which residues in an anti-reverse tran- 
scriptase aptamer could be substituted with 2'-0- 
methyl nucleotides. The aptamer was synthesized 
with a 1:1 mixture of normal nucleotides and 2'-0- 
methyl nucleotides, the population was sieved based 
on the basis of its ability to bind to HTV-1 RT, the 
bound species were hydrolyzed with base, and the 
mixture was analyzed by gel electrophoresis. When 
the incorporation of a 2'-0-methyl nucleotide at a 
given position interfered with binding, the selected 
population would contain predominantly normal ri- 
bosides at that position. Such "critical" positions 
were identified on the basis of their increased sus- 
ceptibility to alkaline cleavage. Only two positions 
were found to require a 2'-hydroxyl moiety for high- 
affinity interactions with reverse transcriptase, the 
remainder of the ligand could be completely substi- 



tuted with 2'-<3-methyl nucleotides. Selection can 
also be used to facilitate postincorporation of modified 
nucleotides. Aptamers that could bind to Rous 
sarcoma virus (RSV) particles were selected from a 
random sequence RNA pool. 81 When aptamers from 
the selected pool were completely substituted with 
2'-fluoropyrimidines (18 and 19), much of their bind- 
ing activity was lost. Therefore, the selected pool was 
substituted with modified nucleotides and further 
selected for an additional three cycles for binding to 
RSV. The final pool containing modified pyrimidines 
could interfere with viral replication almost as well 
as the unmodified, parental population, indicating 
either that sequences that were dependent on un- 
substituted pyrimidine nucleotides were eliminated 
from the population, or that aptamers containing 
positions that required unsubstituted pyrimidine 
nucleotides had mutated. 

Given the chemical differences between RNA, 
modified RNA, and DNA it is perhaps not surprising 
that selections that start with different pools return 
different aptamers. Anti-RT aptamers selected from 
RNA pools have different sequences and structures 
than anti-RT aptamers selected from DNA pools; the 
same is true for anti-thrombin aptamers and for anti- 
ATP aptamers. 82 Similarly, anti-FGF and anti-VegF 
aptamers selected from RNA pools have different 
sequences and structures than the corresponding 
aptamers selected from modified RNA pools contain- 
ing 2'-aminopyrimidines (14 and 15). Finally, anti- 
elastase aptamers selected from DNA pools have 
different sequences and structures than the corre- 
sponding aptamers selected from RNA pools contain- 
ing 2'-aminopyrimidines or conjugated to a suicide 
inhibitor. These results may appear inconsistent 
with the fact that postsubstitution strategies for 
stabilization are successful. If most of the residues 
and the structural context of a selected sequence 
motif are not highly dependent on either 2'-hydroxyl 
or 2'-amino moieties, then the same motif might be 
expected to be selected regardless of the chemical 
nature of the starting population. In this respect, it 
should be noted that the anti-elastase aptamers 
selected from a modified RNA pool have some re- 
sidual binding activity when the sequence is com- 
posed solely of ribotides. 77 Thus, while it is likely 
that DNA and RNA of the same sequence assume 
quite different structures, the RNA and modified 
RNA of the same sequence may be more structurally 
similar. 



B. Conformationally Restraining Minimal 
Oligonucleotides 

Although modified aptamers can resist degrada- 
tion, their size (generally greater than 30 nucleotides 
in length) may remain a barrier to cost-effective 
synthesis. Individual residues in an aptamer either 
directly contact small molecule or protein targets or 
else provide a structural context for those residues 
that do make direct contact. An easy way to observe 
this is to examine how the functional residues and 
secondary structures were determined for an anti- 
RT aptamer. 83 The original selection produced a 
series of ligands which contained a conserved se- 
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quence motif; this motif could be folded into a 
pseudoknot structure (20). The motif was synthe- 




20 



sized as a "doped" sequence pool and functional 
variants were selected. Sequence analysis of the 
selected species demonstrated that some residues 
could not vary without loss of binding function; these 
presumably directly contacted the protein or precisely 
positioned other chemical moieties to contact the 
protein. Other residues covaried in a manner that 
was consistent with the formation of a Watson-Crick 
paired stem. While the identity of these residues was 
relatively unimportant for function, the structural 
scaffold they formed was important for function. 
Overall, the selection experiments proved that a short 
(27-residue) RNA pseudoknot was sufficient for high- 
affinity interactions with HIV-1 RT. 

Chemical linkers can be used to reduce the size of 
scaffolding elements (and the overall cost of synthe- 
sis) while retaining the positions of functional resi- 
dues and moieties. A range of chemical and enzy- 
matic methods are available to incorporate interstrand 
cross-links into the helical regions of DNA and 
RNA. 84 Alternatively, nucleotide loops have been 
used to "cap" functional nucleic acids at one (hairpin, 
21) or both (double-hairpin or "dumbbell", 22) ends 
of a helix (Figure 6). 85-88 Certain loop sequences, 
such as GCGAAGC in DNA 89 and UUCG in RNA, 90 

CGTCACAAT 1 " T T 
GC AGTGTTA T T 
21 

T T T CGTCACAAT T T T 
T T GCAGTGTTA T T 
22 

CGTCACAAT' 0 "^ 
GCAGTGTTA-o_ 0 j,J 
23 

f( f CGTCACAAT - f0 \ 
L V° J' GCAGTGTTA "to J J 
24 

Figure 6. Schema of hairpin and dumbbell structures 
containing either nucleotide or non-nucleotide linkers. 
Double-hairpins can be made synthesizing an oligonucle- 
otide in which the termini are aligned by a complementary 
strand and abut one another, enzymatically phosphorylat- 
ing the oligonucleotide with T4 polynucleotide kinase, and 
ligating with DNA or RNA ligase. Alternatively, dumbbells 
can be made chemically by phosphorylating during solid- 
phase synthesis and ligating using either l-(3-(dimethy- 
lamino)propyl]-3-eth y lcarbodiimide hydrochloride (EDO 87 
or CNBr. 88 Yields are typically in the 30-50% range, 
however, there have been examples of yields as high as 
70%. 



have been found to be particularly effective at 
stabilizing structure and imparting nuclease resis- 
tance. Non-nucleotide linkers, such as (poly Ethylene 
glycol (PEG), have also been used to cap helices at 
one (23) or both (24) ends of the helix. 91 These 
reagents are easier and cheaper to make, and are 
commercially available. Structures constrained by 
PEG caps have been used to probe nucleic acid: 
protein interactions. 92 In addition, Kool and co- 
workers have shown that PEG linkers can increase 
the stability of oligonucleotides toward exonucleas- 
es. 93 Similarly, Lestinger has shown that a stilbene- 
dicarboxamide linker (25) can increase the stability 
of an oligonucleotide. 94 The stilbene linker is rigid 

O 

O-DNA/RNA ^sj( 

o 

25 

enough to effectively constrain the terminus of the 
helix, but also stacks with and stabilizes the helix. 

These methods, however, have some potentially 
serious drawbacks. First, in some cases the linkers 
can distort or alter native helical geometry. Second, 
construction of dumbbell oligonucleotides can be 
technically difficult and in many cases poor overall 
yields are obtained. Finally, chemical linkers fre- 
quently span the terminal 3' and 5'-hydroxyls of an 
oligonucleotide and interfere with enzymatic radio- 
labeling of the sample for biochemical assays such 
as footprinting and sequencing. 

With knowledge of these drawbacks, a more recent 
technique to constrain oligonucleotides has emerged. 
Reactive functional groups have been engineered into 
oligonucleotides so that they are in close proximity 
with one another in the final structure and thus 
specifically react to form cross-links. Of these, thiols 
have been the reactive functional group of choice 
because: (1) disulfide bonds are formed in high yield, 
often quantitatively; 95 (2) the mild redox chemistry 
of thiol-disulfide interconversion provides little po- 
tential for undesired side reactions; 96 (3) disulfides 
are stable to a wide variety of solvents and re- 
agents; 9798 and (4) engineering specific conformations 
using disulfide cross-links is well-precedented in the 
peptide and protein literature. 99,100 

Lipsett first reported the formation of disulfide 
cross-links in a nucleic acid in 1966. 101 " 103 In those 
experiments, she found that tRNA^ from E. coli that 
naturally contained 4-thiouridine residues could be 
oxidized with iodine to form an intramolecular dis- 
ulfide cross-link. Unfortunately, the potential utility 
of disulfide cross-links for studying nucleic acid 
structure was not realized because other, critical 
analytical methods such as RNA sequencing were not 
available. Therefore, it was not until 1991 that Glick 
and Verdine independently reported that disulfide 
cross-links could be site-specifically introduced into 
oligonucleotides via solid-phase chemical synthesis. 

Verdine and co-workers have explored methods for 
introducing disulfide cross-links into the helical 
regions of nucleic acids. 104 - 105 In their method, thio- 
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Figure 7. Thiol-modified nucleosides used by Verdine and 
co-workers to conformationally constrain oligonucleotides 
with disulfide cross-links (26-28). 104 These disulfide cross- 
links are located within the grooves of the helix and can 
be introduced at consecutive base pairs. The oligonucleotide 
shown in 29 is an example of how a disulfide can be 
introduced across the major groove of the helix. 

alkyl tethers of varying lengths (3- to 5-atoms) are 
positioned at the A 6 of adenosine (26), 106 the A/ 2 of 
guanosine (27), 106 or the W of cytosine (28). 107 ' 108 The 
resultant disulfides occupy the grooves of the helix 
(Figure 7). In their first report, thiol-modified ad- 
enosines were placed at consecutive base pairs on 
opposite strands of a duplex (29) and under oxidative 
conditions formed an interstrand disulfide cross- link 
in the major groove of the helix. These cross-links 
imparted increased thermal stability (A T m = 19 °C) 
to the duplex relative to the unmodified sequence and 
resulted in only minimal distortion of its native 
geometry. Since this initial report, Verdine and co- 
workers have used disulfide chemistry to trap four 
different oligonucleotide conformations: a bent du- 
plex, 109 a minor groove cross- link, 106 a torsionally 
strained duplex, 107 and a RNA hairpin. 108 

An alternative means to stabilize nucleic acids via 
disulfide cross-links has been described by Glick and 
co-workers. 110111 In their work, alkyl mercaptan 
groups are appended to bases (30 and 31 ) or sugars 
(32) to form disulfide cross-links at specific sites 
(Figure 8). In contrast to positioning disulfide bonds 



lIGCGAATTCGClj 
I^ICGCTTA AGCGI^I 

33 

Figure 8. Thiol-modified nucleosides used by Glick and 
co-workers to conformationally constrain oligonucleotides 
with disulfide cross-links (30-32)."' Disulfide cross-link 
formation is designed to occupy sterically accessible spaces 
and therefore to be structurally nonperturbing. For ex- 
ample, a duplex can be stabilized (33) by placing A 8 - 
(thioethyl)thymidines (30) at the termini so that the cross- 
link resides at the ends of the helix. 117 
in the grooves of helices, these cross-links occupy 
sterically accessible spaces and therefore should 
conformationally stabilize nucleic acids without sig- 
nificant perturbation of their native structures. Us- 
ing this chemistry, disulfide bonds have been intro- 
duced into nucleic acid secondary and tertiary 
structures such as hairpins 110 112 and duplexes, 111 
triple helices, 113 and tRNA. 114 The structural 115116 
and thermodynamic 117 ' 118 properties of these cross- 
linked oligonucleotides have been fully described. For 
when the terminal bases of the DNA 
r d(CGCGAATTCGCG) 2 (33) were replaced 
with A"-(thioethyl)thymidines (29), the strands were 
prevented from dissociating and the thermal stability 
of the duplex was dramatically increased (AT m = 38 
°C). 1U Thermodynamic analysis (UV and DSC) 
reveals that the enhanced stability is entropic in 
origin and structural analysis (NMR and CD) indi- 
cates that the helical structure has not been com- 
promised. 117 In addition, preliminary evidence sug- 
gests that the cross-link prevents nucleolytic cleavage 
of the oligonucleotide using snake venom phosphodi- 
esterase. 117 A final advantage of this method is that 
the cross-linked helices are compatible with enzy- 
matic radiolabeling techniques. 

Over the past several years, several additional 
methods for incorporating disulfide cross-links into 
DNA and RNA have been developed. The sulfur- 
bearing nucleotides 6-thioinosine and 4-thiothymi- 
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dine were introduced at the penultimate positions of 
a 12 base pair duplex to form an intermolecular cross- 
link (34). 119 Although the desired cross-linked prod- 
uct was achieved in high yield, the reaction was 
sluggish (five days to completion) and the disulfide 
bonds were shown to be quite unstable to the small 
amounts of reducing agents present during standard 
end-labeling procedures, In a procedure that is 
reminiscent of the introduction of PEG and stilbene 
linkers, Gao and co-workers have bridged the 5'- and 
3'-hydroxyls of helices with disulfide loops (35). 120121 
A disulfide cross-linked circular oligonucleotide has 
also been reported. 122 In this work, two CMthiopro- 
pyne)thymidines (36) were incorporated within a 
single oligonucleotide strand and upon binding a 
complementary stand in the major groove a cross- 
link results. The disulfide-linked circle binds to its 
single-stranded host with an association constant of 
about 10 17 M" 1 : 3 orders of magnitude greater than 
the biotinrstrepavidin couple. Lastly, Eckstein and 
co-workers have developed a method for incorporat- 
ing disulfide cross-links into a hammerhead ri- 
bozyme. 123 Specifically, thiols were introduced at the 
2'-hydroxyls of specific pyrimidine bases (37) to probe 
the active conformation of the ribozyme. 




All of these methods are amenable to the stabiliza- 
tion of short aptamer sequences and structures. 
Nelson and co-workers have successfully introduced 
stilbene linkers at the termini of anti-Rev aptam- 
ers. 124 The cross-linked compounds bind Rev almost 



as well as the full-length Rev responsive element 
(RRE), which is over six times larger. In another 
example, Gao and co-workers linked the terminus of 
an anti-thrombin aptamer with either a PEG or 
disulfide cross-link (35) to give a the conformationally 
restrained G-tetramer (38). 74 Finally, Osborne and 
Ellington have developed a phosphoramidite (39) that 
can be used to introduce a disulfide cross-link at the 
termini of a helix during solid phase synthesis. 125 
This reagent will be useful for constraining oligo- 
nucleotides that have difficulty forming properly and 
should pave the way for the synthesis of very short, 
very stable aptamers that are capped at both ends 
by disulfides. 




39 

VII. In Vivo Efficacy 

In addition to blocking the activities of individual 
enzymes or regulatory proteins, aptamers can be 
used to inhibit particular aspects of cellular or viral 
metabolism in the same way that antisense oligo- 
nucleotides or triple helix agents are used to block 
genetic expression. For example, aptamers have 
been shown to block the function of a number of 
extracellular cytokines. When aptamers selected to 
bind to bFGF were assayed for their ability to inhibit 
bFGF binding to cell-surface receptors they were 
found to be effective at concentrations as low as 5 
nM for low-affinity sites and 0.2 nM for high-affinity 
sites. 52 The anti-bFGF aptamers selected from modi- 
fied RNA pools could inhibit interactions with recep- 
tors at concentrations as low as 1 nM for low-affinity 
sites and 3 nM for high-affinity sites. 78 An illustra- 
tion of how anti-bFGF aptamers may function is 
given in Figure 9. Moreover, bFGF-induced cellular 
proliferation was blocked by aptamer concentrations 
of 50-100 nM. Similarly, anti-VegF aptamers se- 
lected from RNA pools inhibited receptor binding 
with an ED50 of 20-40 nM, 126 while the anti-VegF 
aptamers selected from modified RNA pools inhibited 
receptor binding at concentrations as low as 1 nM. 41 
Finally, anti-IgE aptamers have been shown to block 
interaction with the Fee RI receptor and thereby 
inhibit IgE-mediated serotonin release from cells in 
tissue culture. 178 

Aptamer inhibition of enzymatic activity also has 
metabolic consequences. Aptamers selected against 
thrombin have been shown to block blood clotting in 
standard assays. 58 In addition, anti-thrombin aptam- 
ers can potentially prevent reocclusion of blood ves- 
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Figure 9. Illustration of aptamer inhibition of heparin binding sites. (Left) Receptor signaling requires formation of a 
trimeric complex where FGF-2 binds heparin at site 1 and to the FGF receptor (which binds the heparin at site 2). (Right) 
Aptamer binds to the heparin binding site of FGF-2 and prevents binding of the FGF receptor thereby suppressing the 
signaling event. 



sels following coronary artery enzymatic thrombol- 
ysis or angioplasty. 127 In fact, in certain applications, 
such as hemodialysis or hemofiltration, the limited 
in vivo stability of the anti-thrombin aptamer may 
actually be advantageous, since clotting would be 
selectively inhibited for only a short period of time. 128 
Anti-elastase aptamers that covalently link to their 
target were perfused into a rat lung and assayed for 
their ability to inhibit inter leukin-1 (IL-1) induced, 
neutrophil-mediated damage (as monitored by edema- 
like weight gain). 72 The aptamer conjugated to the 
elastase inhibitor reduced the inflammatory response 
to near levels seen in the absence of IL-1 induction. 

Finally, aptamers can modulate complex metabolic 
processes. Sequences selected from RNA and modi- 
fied RNA populations to bind Rous sarcoma virus 
(RSV) can inhibit viral replication when mixed with 
the virus prior to infection. 81 An aptamer selected 
to bind a tRNA synthetase conjugated with its 
cognate amioadenylate was found to stimulate hy- 
drolysis of noncognate aminoadenylates. 129 In other 
words, the aptamer enhanced the fidelity of error 
correction by an enzyme critical to protein biosyn- 
thesis. Anti-Rev aptamers have been shown to 
substitute for the Rev-binding element and efficiently 
facilitate RNA transport in vivo. 130 

In touting aptamers as potential pharmaceuticals 
we have obviously ignored a major problem: delivery. 
This problem has already been extensively considered 
(although not solved) in the development of antisense 
therapies, and many of the methods that have been 
developed for the delivery of antisense oligonucle- 
otides are applicable to the delivery of aptamers. 
While assessments of delivery systems are outside 
the scope of this review, which focuses on selection 
principles and selected nucleic acids, we will present 
a brief rendition of the problems and prospects for 
aptamer delivery. It is unlikely that most nucleic 
acids will be orally available, although the possibility 
that some sequences or structures may directly enter 
the bloodstream should not be discounted. Therefore, 
aptamers against extracellular targets could be di- 
rectly injected into an organism. Aptamers selected 
or engineered to resist degradation in sera can 
potentially be used "neat", without further protection. 



"Naked" or unprotected RNA or DNA aptamers may 
require further protection, most likely by conjugation 
to liposomes or other biopolymer carriers such as 
polyethylene glycol. Aptamers against intracellular 
targets can be delivered "endogenously" or "exog- 
enously". Endogenous delivery is essentially gene 
therapy, with an anti-protein aptamer being tran- 
scribed in bulk from a strong polIII promoter. For 
example, anti-Rev aptamers expressed intracellularly 
have been shown to inhibit HIV-1 replication. 131 
Exogenous delivery involves facilitated transport of 
aptamers across membranes. Polylysine has been 
successfully used to squelch the negative charges on 
nucleic acid backbones and enhance membrane trans- 
port. 132133 A variety of cationic liposomal formula- 
tions have been developed for gene delivery, and 
these should be equally applicable to the delivery of 
aptamers. 134 " 136 Liposomes can even be targeted to 
specific cell types. For example, liposomes conju- 
gated to folate can deliver nucleic acids to tumor 
cells. 137 Surprisingly, even unprotected nucleic acids 
may be delivered exogenously. Short oligonucleotides 
can be internalized by cellular pinocytosis 138 and 
endocytosis. 139 A variety of cell lines, including 
human cell lines such as HeLa, H9, and HL60, have 
been observed to take up exogenously introduced 
oligonucleotides rapidly and efficiently. 140 " 142 For 
example, antisense effects on intracellular targets 
can often be observed at external oligonucleotide 
concentrations ranging from 1-50 uM. 143 The inter- 
nalized oligonucleotides typically localize to the 
nucleus. 144 

VIII. Conventional Drug Design 

There are two ways in which in vitro selection can 
be used to further the development of conventional 
drugs (small organics). First, by helping to identify 
targets for drugs, either by defining nucleic acid 
targets or validating protein targets. Functional 
nucleic acids represent a largely untapped source of 
biological targets for drug development. Beyond their 
role as information-carrying macromolecules, there 
are numerous nucleic acids whose sequences and 
structures are crucial to viral, cellular, or organismal 
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function. Microorganisms have already discovered 
this fact and have evolved secondary metabolites, 
such as aminoglycoside antibiotics, that can bind to 
and inhibit cellular RNA molecules, such as riboso- 
mal RNA. Aminoglycosides have also been shown to 
fortuitously inhibit other functional nucleic acids, 
including the Rev responsive element of HIV-1, the 
group I self-splicing intron, and the hammerhead 
ribozyme. In vitro selection can be used to define the 
binding domains of potential nucleic acid targets. In 
addition, the exquisite specificities of selected nucleic 
acids makes them useful tools for dissecting metabo- 
lism and validating whether other targets, such as 
proteins, are worthy candidates for drug develop- 
ment. Second, in vitro selection can be used to 
identify drugs themselves. Selection can assist in 
identifying putative anti-nucleic acid drugs, espe- 
cially those derived from combinatorial chemical 
libraries. 

A. Target Identification 

The sequences and structures of nucleic acid tar- 
gets can be precisely defined by in vitro selection. As 
was the case with the anti-HTV aptamer described 
above, by sieving binding from nonbinding variants 
from a partially randomized population of sequences 
the relative importance of individual residues can be 
quickly established. Bartel and co-workers utilized 
this procedure to define the Rev responsive element 
of HIV-1. 145 The RREhad previously been partially 
defined by deletion analysis; a 67 nucleotide tract 
known to be important for function was synthesized 
so that individual positions contained 65% wild-type 
residues, 30% non- wild-type residues (10% of each 
non-wild-type residue), and 5% deletions. This popu- 
lation contained all single through hextuple variants 
of the 66 nucleotide sequence. Variants that could 
bind to Rev were selected by filtration. After three 
cycles of selection and amplification the population 
could bind better than the original wild-type RRE. 
The variants were sequenced, and 20 residues pre- 
sented within a short stem-internal loop-stem struc- 
ture were found to be important for Rev-binding 
activity. This delimited RNA is a potential target for 
drug development. In fact, the aminoglycoside an- 
tibiotic neomycin has been shown to fortuitously 
disrupt interactions between Rev and the RRE. l4e 
The neomycin binding site has been localized to the 
stem-internal loop-stem structure by modification 
interference analysis, and the drug was found to 
contact several of the residues revealed by selection 
experiments to be important for function. Basker- 
ville and co-workers have carried out similar studies 
with the Rex-binding element of HTLV-I and have 
determined that residues within a stem containing 
two base bulge loops are important for Rex-binding 
activity. 147 Completely random sequence pools can 
also be used to define functional RNA sequences, 
providing that the random sequence tracts are short. 
For example, two hexanucleotide loops in the hepa- 
titis B virus encapsidation signal were separately 
randomized, and functional variants were selected 
in vivo based on their ability to be encapsidated. 148 
Sequence comparison of selected clones revealed that 
most of the randomized positions had reverted to 



wild-type and hence were essential for RNA packag- 
ing. These results suggest that the virus might not 
readily mutate to avoid inhibition by a drug that 
targeted one of the loops. However, it should be 
noted that while selection strategies can provide 
insights into the sequences and structures of natural 
RNAs, they do not always return wild-type binding 
sites. When the neomycin binding site of ribosomal 
RNA was partially randomized and selected for its 
ability to interact with neomycin, the sequences that 
were recovered bore no resemblance to the wild- 
type. 1 '' 9 Instead, a motif previously observed in anti- 
neomycin aptamers selected from completely random 
sequence pools was recovered. 150 

Selection can also be used to define DNA targets. 
Because DNA binding sites for proteins are located 
within a similar structural context (the double helix), 
in vitro selection experiments typically start with a 
completely random pool of double-stranded DNA. 
Binding sites for several members of the basic helix- 
loop-helix family of transcription factors, including 
MyoD, have been defined by this method. 25 Interest- 
ingly, it looks as though the recognition sequences 
for homo- and heterodimeric transcription factors 
may be modular, with each protein monomer recog- 
nizing its particular half-site. These results have 
recently been extended to several other members of 
the bHLH family, including the Ah receptor, the Ah 
receptor nuclear transport protein, and single-minded 
protein. 151 These results are especially significant 
given the recent development of "lexitropsins" (se- 
quence-reading compounds) that can specifically 
recognize stretches of DNA that are similar in length 
to the bHLH family binding sites. 152,153 

Selection can help to define targets other than 
nucleic acids. As we have seen, aptamers can fre- 
quently distinguish between closely related protein 
targets. It may therefore be possible to use selected 
nucleic acid shapes as probes that assess whether or 
not drugs that bind a particular site are likely to be 
cross-reactive. In vitro selection experiments may 
even be able to uncover binding specificities that were 
previously unknown. Experiments with polyprimi- 
dine tract-binding proteins U2AF, 65 Sex-lethal, and 
polyprimidine tract-binding protein (PTB) provide a 
particularly good example of how selections can 
reveal new specificities. 154 All of these proteins bind 
to predominantly uridine-rich sequences. Uridine- 
rich sequences selected by U2AF 65 were similar to 
polyprimidine tracts found in a variety of genes, 
consistent with the role of U2AF 65 as a general 
splicing factor. In contrast, Sex-lethal yielded a 
specific uridine-rich sequence similar to the pyrimi- 
dine tract of substrates such as pre-mRNA. Selection 
against PTB yielded a distinct consensus sequence 
found within the introns of rat a- and ^-tropomyosin. 
Similarly, selections that targeted the ASF/SF2 
(alternative splicing factor/splicing factor 2) and SC35 
(splicing component 35) splicing factors resulted in 
the isolation of distinct consensus-sequence motifs, 
indicating that these factors may not be functionally 
redundant. 155 Aptamers can not only probe the 
specificities of targets related by history or function, 
but can also be used to probe different states or 
conformations of the same target. For example, 
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selections that targeted whole ribosomes identified 
different aptamers depending on whether ribosomal 
protein SI was present or absent from the complex. 156 
While splicing factors and the ribosome were 
already known to bind nucleic acids, aptamers could 
similarly be used to probe the specificities of non- 
nucleic acid binding protein targets. For example, 
while many cytokines and receptors possess what are 
nominally known as heparin binding sites, the ar- 
chitectures of these sites and their natural oligosac- 
charide ligands may be quite different. Anti-FGF 
aptamers compete with heparin for binding to FGF, 62 78 
anti-VegF aptamers compete with heparin for bind- 
ing to VegF, 126 and anti-thrombin aptamers selected 
from RNA pools compete with heparin for binding to 
thrombin, 157 but these nucleic acid ligands are not 
known to cross-recognize their protein targets. The 
structural and functional differences between these 
aptamers may therefore signal differences in oli- 
gosaccharide binding site specificities. To the extent 
that aptamers have in vivo efficacy, such binding 
differences can potentially be translated into dif- 
ferential activities in biological assays. In this way, 
aptamers can be used to validate a protein target by 
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determining whether inhibition of a given protein will 
produce a given physiological effect. In effect, even 
when aptamers may not be suitable drugs in and of 
themselves, they can be used as drug mimics. 

B. Drug Design 

In vitro selection can also be used to discover drugs 
rather than define targets. The discovery process can 
be applied either to existing drugs or to novel 
compounds that bind nucleic acids. Nucleic acid 
sequences that are discovered to bind to existing 
drugs may have counterparts in organismal or viral 
genomes, and hence may reveal new targets for 
compounds with proven bioavailabilities and phar- 
macokinetic properties. 

While we have so far focused primarily on large 
biomolecular targets, aptamers that specifically bind 
to small molecular "guests" can also be selected 
(Chart 2). For example, the aminoglycoside antibiot- 
ics tobramycin (40), neomycin (41), kanamycin (42), 
and lividomycin (43) have elicited tight and specific 
aptamers. Wang and Rando examined the binding 
interactions of tobramycin with an RNA pool con- 
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taining a 60-base random site. 158 In their study they 
found a number of aptamers that weakly bound (~10 
mM) tobramycin with no apparent consensus se- 
quence. However, upon increasing the stringency of 
selection by lowering the amount of ligand attached 
to a solid support, the affinity for binding increased 
with each cycle until the binding was in the submi- 
cromolar range. Cloning of the aptamers revealed 
two similar stem-loop consensus sequences (55 and 
56) (Chart 3). Similarly, selections that targeted 
neomycin generated a consensus motif (57) that could 
interact tightly with the antibiotic (Kd * 100 nM) and 
discriminate against the aminoglycoside paromomy- 
cin (66), which differs by only a single amino moiety, 
by over 100-fold. 150 Finally, aptamers that can form 
complexes with kanamycin (42) and lividomycin (43) 
have been selected from a random sequence RNA 
pool. 159 After several cycles, the selected species had 
affinities (aggregate K D = 300 nM) and specificities 
for the aminoglycosides that rivaled those of riboso- 
mal RNA. As was the case for the early cycles of the 
selections that targeted tobramycin, there were nu- 
merous (=«10 6 estimated) aptamers in the selected 
population and no clear consensus sequence. The 
fact that multiple, different sequences exist that have 
the same binding characteristics as a known drug 
target (ribosomal RNA) implies that there may be 
many cellular or viral RNA molecules that could also 
be bound and affected by aminoglycosides. A map 
of aminoglycoside structure to RNA sequence might 
provide new targets for old drugs. In order to test 
this "reverse drug discovery" method, the lividomycin 
aptamers were further selected until a consensus 
sequence emerged (58). 160 The consensus sequence 
was compared with all sequences in Genbank, and a 
number of potential targets, including RNAs from 
Haemophilus influenzae and the parasite Leishma- 
nia, were identified. Because small molecules rec- 
ognize relatively small motifs (10-30 bases), there 
is a good chance that at least one gene or structural 
motif will be discovered. 



There is reason to believe that there may be a large 
number of drug leads beyond aminoglycosides that 
might be candidates for such reverse drug discovery 
methods. Some of the earliest work in understanding 
the applications of selection techniques was per- 
formed with small organic dyes (49) which previously 
had not been known to interact with nucleic ac- 
ids. 29,161 Natural as well as synthetic compounds 
have also been shown to have surprising affinities 
for particular RNA molecules. Lauhon and Szostak 
targeted the biological cofactor, nicotinamide adenine 
dinucleotide (NAD) (48). 162 Selection of an RNA pool 
containing an 80-base random region against NAD 
using nicotinamide mononucleotide (NMN) (67) as an 
eluant resulted in nearly 50% of the population being 
selectively bound after eight cycles of selection. One 
of the clones isolated from the final cycle could 
discriminate between the oxidized cofactor, NAD + (K D 
of 2.5 mM), and the reduced cofactor, NADH (Kb of 
37 mM), which differ by only a single hydride. The 
selectivity exhibited by this RNA is similar to that 
seen for protein dehydrogenases and reductases. Two 
further examples of aptamers that bind small organic 
molecules with particularly high affinities and speci- 
ficities were afforded by selections that targeted ATP 
(46) and the drug theophylline (54). The anti-ATP 
aptamer (59) selected by Sassanfar and Szostak has 
a K D for ATP of 0.7 «M and discriminates against a 
closely related substrate, dATP, by a factor of over 
1000. 163 The anti-theophyUine aptamer (64) selected 
by Jenison and co-workers has a K D for theophylline 
of 320 nM. 164 During the selection procedure, aptam- 
ers that could also recognize caffeine (68), which 
differs from theophylline by the addition of a single 
methyl group, were removed from the population. As 
a result of this counterselection, the antitheophylline 
aptamer can discriminate against caffeine by a factor 
of over 10 000, a value better than that observed for 
comparable monoclonal antibodies. A variety of other 
small molecule targets, from compounds as small as 
zinc 165 166 to compounds as large as porphyrins (50) 167 
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Table 5. Aptamers Selected To Bind Small Molecule Ligands 
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and vitamin B12 (cyanocobalamin, 53), 168 have suc- 
cessfully elicited aptamers. Selections that targeted 
small molecules was recently reviewed by Ellington 
and Table 5 provides an updated summary of re- 
sults. 9 
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Not only are the binding characteristics of selected 
nucleic acids consonant with the use of small mol- 
ecules as anti-nucleic acid drugs, but the recently 
determined structures of aptamerdigand complexes 
have features that are reminiscent of protein:drug 
complexes. Burgstaller and Famulok selected aptam- 
ers that could form complexes with the cofactor FMN 
(69), and used comparative sequence analysis to 
derive a minimal, functional motif (70). 169 Fan and 
co-workers have determined the NMR structure of 
the complex. 170 Recognition is based on stacking 
interactions below and above the aromatic, planar 



cofactor; for example, a base triple (A:U:G) lies 
parallel and adjacent to the bound FMN. Some 
specificity for FMN is provided by two hydrogen 
bonds between the cofactor and the Hoogsteen face 
of an adenosine that lies in the same plane. These 
features are similar to those observed in complexes 
between trimethoprim and dihydrofolate reductase. 
Famulok also selected aptamers that could bind to 
either citrulline (71) or arginine (44), depending on 
the identity of three positions in the selected motif. 50 
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Modification interference experiments carried out 
with a minimal binding motif revealed that an 
internal loop structure was critical for interactions 
with the amino acids, and that the conformation of 
the aptamer changed on complexation. 171 The NMR 
structures of the anti-citrulline and anti-arginine 
aptamers complexed with their respective ligands 
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have been determined. 17 ' 2 Five guanosine residues 
come together to form the base of a binding pocket; 
the aliphatic side chains of the amino acids stacks 
over this base. The binding pockets are lined with 
hydrogen-bond donors and acceptors that contact the 
side chains of the amino acids. In the anti-citrulline 
aptamer, O' is contacted by the hydrogen at the /V 
position of U13 and the exocyclic amine of G29; in 
the anti-arginine aptamer, the corresponding W 
position is contacted instead by the of C13: a 
hydrogen-bond donor has been exchanged for a 
hydrogen-bond acceptor. Surprisingly, there are no 
apparently electrostatic contacts between the aptam- 
er and arginine, and the interactions are unlike those 
seen between nucleic acids and the arginines or 
nucleic acid binding proteins. The structure of the 
anti-ATP aptamer has also been solved by NMR. 173 
As was the case with the anti-amino acid aptamers, 
the ligand is bound in a loop between two stems. 
However, the overall architecture of the complexes 
are quite different. The adenine base is intercalated 
between two purines, A10 and Gil; Gil pinches off 
a short loop structure by forming a non- Watson - 
Crick interaction with G7. This loop bears a striking 
resemblance to a well-known and previously charac- 
terized RNA structure, the GNRA tetraloop, with the 
adenosine ligand base-pairing with G8 and acting as 
the 3' most adenosine of the loop. The right-hand 
stem of the structure is also capped by a non- 
Watson-Crick interaction (between G17 and G34), 
and provides additional hydrogen bonds to the /V 
position of adenine and to the free hydroxyls of ribose. 
The pocket that is formed contacts nearly half of the 
available surface area of the ligand, and satisfies 
almost every possible hydrogen bonding partner. 

The selectivities and structures of aptamers that 
bind small molecules lend credence to the suggestion 
that in vitro selection can help to form the basis of a 
drug development program. 174 While there are nu- 
merous compounds that have been designed to bind 
nucleic acids, their known affinities and specificities 
are too low to ensure their success as drugs. For 
example, netropsin (72) and distamycin (73) have 
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served as starting points for attempts for the design 
and construction of "lexitropsins", but these com- 



pounds and their derivatives generally have dissocia- 
tion constants from nucleic acid targets (A:T tracts) 
in the micromolar range 175 and discriminate against 
noncognate sequences by factors of only 10-100. 176 
The aminoglycosides in general have slightly higher 
affinities for their targets, but are still far too catholic 
in their preferences for nucleic acids. However, 
recent attempts to augment the number of residues 
recognized by the minor-groove binding lexitropsins 
and to use aminoglycosides as synthetic scaffolds for 
the production of novel pharmacophores are promis- 
ing. These efforts can be facilitated by an examina- 
tion of the problem from the point of view of the 
biopolymer "host," rather than the organic "guest". 
In vitro selection can define and rank the sequence 
motifs that are recognized by anti-nucleic acid drug 
leads, such as lexitropsins or aminoglycosides. As 
new synthetic derivatives are produced, their speci- 
ficities can be determined, and the process iterated 
to hone interactions between a drug and its desired 
target. A database that maps compound structure 
to nucleic acid sequence should eventually prove 
invaluable in the de novo design of specific anti- 
nucleic acid compounds. 

The fact that a plethora of compounds have suc- 
cessfully elicited aptamers immediately suggests that 
many excellent anti-nucleic acid drug leads are 
currently unknown. In vitro selection could therefore 
be routinely used to screen existing chemical librar- 
ies, providing information as to which compounds 
bind which nucleic acid sequences or structures. 
Given the defined nature of the selection process, it 
is likely that the entire procedure, including sequence 
acquisition, could be automated. More importantly, 
nucleic acid selections could be carried out against 
mixtures of compounds. This should allow whole- 
scale screens of chemical libraries by random se- 
quence nucleic acid pools: the compounds with the 
highest affinity for nucleic acids in general would 
elicit binding species; these binding species would 
compete with one another until only the best pairings 
between potential anti-nucleic acid drugs and aptam- 
ers remained. Further definition of the selected 
sequences by chemical probes or structural studies 
may then suggest rational chemical modifications 
that would increase the affinities of anti-nucleic acid 
drug leads. Screens of combinatorial chemistry 
libraries could be combined with the "reverse drug 
discovery" method to yield fortuitous "hits" in cellular 
or viral genomes. 

C. Mimetics 

Finally, aptamers themselves may serve as scaf- 
folds for the design and synthesis of small organics. 
Just as peptidomimetics have been synthesized on 
the basis of peptides selected from phage display 
libraries or protein structures, so too can nucleic acid 
mimetics be synthesized on the basis of the sequences 
and structures of aptamers. Understanding how 
functional groups on the bases, sugars, and phos- 
phates of aptamers are positioned in a protein active 
site will obviously be aided by a determination of 
either the aptamer structure or, better, the structure 
of the complex. If these structures are known, then 
the functional groups can be introduced in a similar 
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configuration on a small organic backbone. Unfor- 
tunately, as is the case with proteins, deriving the 
structures of nucleic acids and nucleic acid complexes 
by NMR or crystallography is a somewhat laborious 
task. However, unlike with proteins, it may be 
possible to readily model the structures of nucleic 
acids. While the overall form of a protein is largely 
a consequence of tertiary structural interactions, the 
overall form of a nucleic acid is largely a consequence 
of secondary structural interactions. Nucleic acid 
secondary structures are in turn primarily dependent 
on Watson— Crick and other base pairings that have 
relatively defined structures. Thus, once the second- 
ary structure of a nucleic acid is known, and if some 
tertiary structural contacts are known or suspected, 
then a three-dimensional structural model can be 
readily generated. An example of this type of analy- 
sis has already been carried out with an aptamer that 
binds HIV-1 Rev. 177 

A more intriguing prospect for drug design involves 
using nucleic acids as scaffolds for the presentation 
of limited chemical libraries. The fact that selections 
can be carried out with modified nucleic acids im- 
mediately suggests that the modifications could be 
geared toward applications other than stability. For 
example, in order to "fill" a hydrophobic pocket on a 
protein, aptamers could be selected from libraries 
derivatized with hydrophobic functional groups. The 
selected sequences could then be used to model or 
physically map how the hydrophobic functional groups 
were positioned, and mimetics designed. In this case, 
though, the mimetics would not rely as heavily on 
the nucleic acid backbone, but rather would attempt 
to string together the identities, positions, and ori- 
entations of the hydrophobic functional groups. In 
this way, nucleic acid libraries might effectively 
become replicating chemical libraries. 

IX. Conclusion 

In vitro selection experiments can provide both lead 
compounds for drug development and insights into 
methods for drug discovery. Aptamers generally bind 
to their targets with high affinities and specificities, 
and can be converted into smaller, more stable 
compounds by a variety of chemical modifications. In 
vitro selection can be thought of as an adjunct to 
combinatorial chemistry. Traversing functional "land- 
scapes" with random sequence nucleic acids is roughly 
analogous to traversing the same "landscapes" with 
combinatorial chemical libraries, and some of the 
same principles may generally apply. Selection can 
be used to define novel nucleic acid targets for drug 
discovery or design, and to validate more popular 
protein targets. The interplay between combinatorial 
chemical libraries and selected nucleic acids may 
yield "codes" for recognition that will serve as the 
basis for rational drug design. 
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Abstract: Aptamers are single-stranded nucleic acids with defined tertiary structures for selective binding 
to target molecules. Aptamers are also able to bind a complementary DNA sequence to form a duplex 
structure. In this report, we describe a strategy for designing aptamer-based fluorescent reporters that 
function by switching structures from DNA/DNA duplex to DNA/target complex. The duplex is formed between 
a fluorophore-labeled DNA aptamer and a small oligonucleotide modified with a quenching moiety (denoted 
QDNA). When the target is absent, the aptamer binds to QDNA, bringing the fluorophore and the quencher 
into close proximity for maximum fluorescence quenching. When the target is introduced, the aptamer 
prefers to form the aptamer-target complex. The switch of the binding partners for the aptamer occurs in 
conjunction with the generation of a strong fluorescence signal owing to the dissociation of QDNA. Herein, 
we report on the preparation of several structure-switching reporters from two existing DNA aptamers. Our 
design strategy is easy to generalize for any aptamer without prior knowledge of its secondary or tertiary 
structure, and should be suited for the development of aptamer-based reporters for real-time sensing 
applications. 



Introduction 

Aptamers are single-stranded nucleic acids isolated from 
random-sequence nucleic acid libraries by "in vitro selection". 1 - 2 
To date, numerous aptamers have been created for a broad range 
of targets, including metal ions, small organic compounds, 
metabolites, and proteins. 3 ' 4 The tight-binding capabilities of 
both DNA and RNA aptamers have been demonstrated in 
numerous cases including a 2'-aminopyrimidine-containing RNA 
aptamer for vascular permeability factor/vascular endothelial 
growth factor with a K t of 0. 14 nM, 5 a 2'-fluoro-modified RNA 
aptamer for the human keratinocyte growth factor with K4 of 
0.3 pM, 6 and a DNA aptamer for platelet-derived growth factor- 
AB with subnanomolar affinity. 7 Aptamers can also be made 
to possess a high binding specificity, exemplified by an anti- 
theophyllin RNA aptamer 8 that displays a > 1 0 000-fold dis- 
crimination against caffeine (which differs theophyllin by a 
methyl group) and an anti-L-arginine RNA aptamer that exhibits 
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a 12 000-fold affinity reduction toward D-arginine. 9 The target 
versatility, the high binding affinity and specificity, along with 
the simplicity of in vitro selection, make aptamers attractive as 
molecular tools for bioanalytical applications. In such cases, it 
is advantageous if aptamers are able to report on target presence 
by real-time fluorescence signaling without a need for complex 
separation steps. 

Standard DNA and RNA molecules do not contain intrinsi- 
cally fluorescent groups. To make aptamers fluoresce, it is 
necessary to modify aptamers with extrinsic fluorophores. 
Considerable research activities aiming at designing real-time 
signaling aptamers have been reported recently. One strategy 
is 10 covalently attach a fluorophore al a location of an aptamer 
that will undergo a target-induced conformational change. 10 " 
Such reporters can be created either by rational design if tertiary 
structure information is available 10 or by in vitro selection using 
a fluorophore-labeled library." A critical assumption in this 
approach is thai the conformational change might substantially 
alter the electronic environment of the attached fluorophore to 
cause a significant change in its fluorescence property. Because 
of the difficulty in precisely predicting (1) whether the attach- 
ment site will undergo a significant conformational change upon 
target binding and (2) whether such a change could indeed alter 
the fluorescence property of the attached fluorophore, many 



Molecul F "i ion to ( 1 -ill e 1 tint / Am. C/iei 
Soc. 2000, 122, 2469-2473. 
) Jhaveri. S.t Rajendran, M.; Ellington, A. D. In vitro selection of signaling 
aptamers. Nat. Biotechnol. 2000, /«(12), 1293-1297. 



J. AM. CHEM. SOC. 2003, 125, 4771-4778 ■ 4771 



ARTICLES 



Nutiu and Li 



rationally designed constructs 10 or selected aptamers" may have 
to be tested before a desirable signaling aptamer can be obtained. 
Therefore, this strategy is not easy to generalize. Furthermore, 
the known signaling aptamers made by this approach usually 
exhibit fairly small fluorescence enhancements upon target 
binding (typically below 2-fold at saturating target concentra- 
tions 10 ") and consequently, their detection sensitivity is rela- 
tively low. 

Other studies have focused on designing molecular beacon- 
based signaling aptamers (denoted "aptamer beacons") 12 " 16 
through the adaptation of the molecular beacon concept origi- 
nally designed for the detection of nucleic acid targets by nucleic 
acid hybridization. 17 Yamamoto et al. reported the first aptamer 
beacon designed from an RNA aptamer that interacts with the 
Tat protein of HIV.' 3 These researchers split the aptamer into 
two molecules, one of which was formulated into a hairpin- 
shaped beacon molecule (after the addition of a few nucleotides 
to tie the two ends of the RNA into a hairpin structure and the 
attachment of a fluorophore at one end of the RNA and a 
quencher at the other end). In the absence of Tat, the two RNA 
molecules exist independently; the beacon half of the aptamer 
adopts the hairpin structure, emitting a low level of fluorescence. 
When Tat is introduced, the beacon changes its structure in order 
to engage the other half of the aptamer for binding to Tat; the 
disruption of the hairpin structure causes physical separation 
of the fluorophore-quencher pair, resulting in a fluorescence 
enhancement. The successful design of the above signaling 
aptamer is achieved because the original RNA aptamer has a 
unique secondary structure that contains a long stretch of paired 
nucleotides to permit the splitting of the aptamer into two 
molecules, Therefore, it can be difficult to use the same strategy 
for other aptamers that lack such a secondary structure feature. 
An alternative molecular beacon strategy has been reported by 
Hamaguchi et al.' 2 in which they place an intact aptamer as the 
loop segment of a molecular beacon. However, this strategy is 
difficult to generalize as well, particularly for large aptamers 
and the aptamers in which the two ends of the aptamer sequence 
do not move away from each other after target binding (e.g., 
the anti-ATP DNA aptamer 1819 ). Moreover, tying the two ends 
of an aptamer into a hairpin structure could significantly alter 
the correct tertiary folding of the aptamer and consequently, 
such a modified aptamer may lose its binding ability. For 
example, only one of the three anti-thrombin aptamer beacons 
designed by Hamaguchi et al. 12 based on a known anti-thrombin 
DNA aptamer 20 was able to retain the thrombin-binding ability, 
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whereas the other two failed to interact with thrombin com- 
pletely. 12 Considering that aptamers have variable sizes and 
different kinds of secondary structures and that many aptamers 
may not have an easily determined secondary structure, there 
is an obvious need to establish a signaling-aptamer designing 
strategy that is easy to generalize and has little restrictions on 
the size and secondary structure of aptamers. 

Herein, we describe a simple and general approach for 
preparing solution-based signaling aptamers that function by a 
coupled structure-switching/fluorescence-dequenching mecha- 
nism. Our strategy exploits the unique ability of each DNA 
aptamer to adopt two distinct structures— a DNA duplex with a 
complementary DNA sequence, and a tertiary complex with the 
target for which the aptamer is created. Our signaling aptamers 
take advantage of target-induced switching between a DNA/ 
DNA duplex and a DNA/target complex. Generation of a signal 
upon formation of the DNA/target complex is obtained by using 
a fluorophore-labeled DNA aptamer and a small complementary 
oligonucleotide that is covalently modified with a quencher 
(denoted QDNA). In the absence of the target, the aptamer 
naturally binds to the QDNA, bringing the fluorophore and the 
quencher into close proximity for highly efficient fluorescence 
quenching. When the target is introduced, the aptamer prefers 
to form the aptamer-target complex rather than the aptamer- 
QDNA duplex, triggering the release of the QDNA from the 
fluorophore-labeled aptamer. The dissociation of the QDNA is 
accompanied by the increase of fluorescence intensity because 
of fluorescence dequenching. On the basis of this strategy, we 
have successfully engineered several fluorescent reporters from 
two existing DNA aptamers, one that is specific for ATP and 
the other that binds thrombin. 

Experimental Section 

DNA Oligonucleotides and Chemical Reagents. Standard and 
modified DNA oligonucleotides were all prepared by automated DNA 
synthesis using cyanoethylphosphoramidite chemistry (Keck Biotech- 
nology Resource Laboratory, Yale University; Central Facility, Mc- 
Master University). 5'-F]uorescein and 3'-DABCYL (4-(4-dimethyl- 
aminophenylazo)benzoic acid) moieties were introduced using 5'- 
fluorescein phosphoramidite and 3'-DABCYL-derivatized controlled 
pore glass (CPG) (Glen Research, Sterling, Virginia) and were purified 
by reverse phase HPLC. HPLC separation was performed on a 
Beckman-Coulter HPLC System Gold with a 168 Diode Array detector. 
The HPLC column was an Agilent Zorbax ODS C18 Column, with 
dimensions of 4.5 x 250 mm and a 5 pim bead diameter. A two-solvent 
system was used for the purification of all DNA species, with solvent 
A being 0.1 M triethylammonium acetate (TEAA, pH 6.5) and solvent 
B being 100% acetonitrile. The best separation results were achieved 
by a nonlinear elution gradient (10% B for 10 min, 10%B to 40%B 
over 65 min) al a flow rate of 0.5 inL/min. The main peak was found 
to have very strong absorption at both 260 and 491 nm. The DNA 
within 2/3 of the peak-width was collected and dried under vacuum. 
Unmodified DNA oligonucleotides were purified by 10% preparative 
denaturing (8 M urea) polyacrylamide gel electrophoresis (PAGE), 
followed by elution and ethanol precipitation. Purified oligonucleotides 
were dissolved in water and their concentrations were determined 
spectroscopically. Human factor Xa and human factor IXa were 
purchased from Haematologic Technologies (Essex Jet., VT). Human 
thrombin, bovine serum albumin (BSA), adenosine 5'-triphosphate 
(ATP), adenosine 5'-diphosphate (ADP), adenosine 5'-monophosphate 
(AMP), deoxyadenosine 5'-triphosphate (dATP), uridine 5'-triphosphate 
(UTP), guanosine 5'-triphosphate (GTP), cytosine 5'-triphosphate (CTP), 
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Figure 1. Design of structure-switching signaling aptamers. (A) Working 

can be constructed using a fluorophore (F)-containing FDNA (in green), a 
quencher (Q)-contaming QDNA (in red) and an unmodified DNA molecule 
(MAP) that contains an FDNA-binding sequence (in black) and a target- 
binding motif (in light blue). When the target (blue star) is introduced, the 
duplex structure is transformed into the targct-aptamer complex with a 

(B) An ATP-binding aptamer as a model system. The original 27-nt aptamcr 
(underlined) is appended with a sequence at the 5'-end for the formation of 
the 15-bpstem-l with FDNAI. Four QDNAs, each containing a DABCYL 
at the 3'-end. were used to establish a suitable stem-2. (C) Thermal 
denaturation profiles of DNA solutions containing FDNAI and MAPI (filled 
black diamonds) as well as FDNAI and MAPI with one of the following 
QDNAs: QDNA I a (red open squares), QDNAlb (filled green mangles), 
QDNAlc (filled blue squares), and QDNAId (open purple circles). The 
experiments were carried out as described in the experimental protocol 

were purchased from Sigma and their solution concentrations were 
determined by standard spectroscopic methods. 

Fluorescence Measurements. The following concentrations of 
oligonucleotides were used for fluorescence measurements (if not 
otherwise specified): 40 nM for FDNAI, 80 nM for the aptamers 
(MAPs) and 120 nM for the quenchers (QDNAs). The ratio of FDNA: 
MAP:QDNA was set to be 1:2:3 to ensure a low background signal. 
Under this setting, the vast majority of FDNA molecules would form 
a duplex structure with MAP and the resulting FDNA-MAP duplexes 
would also be able to engage a QDNA molecule for fluorescence 
quenching. DNA solutions also contained 300 mM NaCI, 5 mM MgCI 2 
and 20 mM Tris-HCI (pH 8.3) for the ATP reporters, and 5 mM KC1, 
1 mM MgCl, and 20 mM Tris-HCI (pH 8.3) for the thrombin reporter. 
The fluorescence intensities were recorded on a Cary Eclipse Fluores- 
cence Spectrophotometer (Varian) with excitation at 490 nm and 
emission at 520 nm. To obtain the thermal denaturation profile of a 
particular reaction mixture, the DNA solution was heated to 90 °C for 
5 min, and the temperature was then decreased from 90 °C to 20 °C at 
a rate of I °C/min. The fluorescence intensity was recorded automati- 
cally for every I °C drop in temperature. Measurements of fluorescence 
intensities from specific samples are detailed in each figure legend. 

Results 

Signaling Aptamcr for ATP Sensing. A scheme demon- 
strating the concept of the duplex-to-complex structural transi- 
tion coupled with fluorescence dequenching is shown in Figure 
1A. Three synthetic DNA oligonucleotides are used: the first 
one is modified with a fluorophore at the 5'-end (denoted 
FDNA), the second one is labeled with a quencher at the 3'- 
end (denoted QDNA), and the third DNA molecule (denoted 
MAP) consists of an aptamer domain and an FDNA-binding 
motif. The QDNA is complementary to the aptamer in the 



sequence segment near the FDNA-binding motif. In the absence 
of the target, the three DNA molecules are expected to assemble 
into Ihe tripartite duplex structure in which the fluorophore and 
the quencher are situated in close proximity, leading to efficient 
fluorescence quenching. Because the aptamer domain has a 
propensity to form the aptamer-target complex, the introduction 
of the target into the DNA mixture should cause the aptamer to 
release the QDNA in favor of the target, producing a large 
increase of fluorescence intensity. 

Figure 1 B illustrates an ATP-binding DNA aptamer as a test 
case. The original DNA aptamer was created by Huizenga and 
Szostak through in vitro selection 18 and it was found from an 
NMR study that the aptamer forms a tertiary complex with two 
ATP molecules." We added an arbitrarily chosen 15-nt GC- 
rich sequence onto the 5'-end of the aptamer for FDNAI 
binding. FDNA 1 (modified with 5'-fluorescein) and its comple- 
mentary sequence were found to form a DNA duplex with a 
measured melting point of 68 °C (in 0.5M NaCI, data not 
shown). Therefore, stem-1, which is formed between FDNAI 
and MAPI, is sufficiently stable in the temperature range used 
for aptamer binding. A single nucleotide, T16 of MAPI, was 
introduced to separate the FDNAI binding domain and the 
aptamer domain to minimize the potential steric interference 
between the two domains in the folded tertiary structure. 

Several 3'-DABCYL-modified oligonucleotides (QDNA la 
to QDNAId) were tested as quenchers [DABCYL: (4-(4- 
dimethylaminophenylazo)benzoic acid; structure shown below), 
and their ability to form stem-2 with MAPI was judged by the 
thermal denaturation profiles shown in Figure 1C. QDNAlb 
(filled green triangles) and QDNAId (open purple circles) were 
the two most effective quenchers in the group and had 
apparently equal quenching efficiency. This observation is not 
a surprise considering that the 1 2-bp stem-2 formed by both 
QDNAs has the same base composition. The two 1 1 -nt QDNAs, 
however, exhibited different quenching efficiencies with QDNAlc 
being more effective than QDNA I a. This is likely due to the 
increased GC content of QDNAlc as it contains 8 GCs (7 GCs 
in QDNA 1 a). We chose to use QDNA I c to test the ATP induced 
structure switching because QDNAlc forms a stem-2 that is 
almost as stable as those formed by the two 12-nt QDNAs at 
low temperatures (20-30 °C). However, because the QDNAlc 
has a less stable stem-2 (whose melting point is ~3 °C lower 
than those by the two 12-nt QDNAs), it should dissociate more 
easily from MAPI in the presence of ATP and thus be a more 
sensitive reporter. 

Evidence for Structure Switching. FDNA 1 -QDNA lc- 
MAP1 tripartite system is denoted as ATP Reporter A (Figure 
2A). We used a series of temperature-changing fluorescence 
assays to obtain evidence for the proposed structure switching 
process (Figure 2B). In each experiment, the preannealed ATP 
Reporter A was incubated at 15 °C for 10 min, followed by a 
rapid temperature increase (within 1 min) from 15 °C to a 
designated temperature (37, 40, 45, or 55 °C), followed by a 
50-minute incubation at each elevated temperature. Finally, the 
solution was rapidly cooled (within 1 min) to 22 °C and 
incubated at this temperature for 30 min. 
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Figure 2. Evidence lor structure switching (A) DNA molecules used to 
assemble ATP Reporter A. (B) Examination of ATP Reporter A for 
structural transitions using temperature-changing experiments. Unfilled data 
points were for samples containing no ATP and filled data points were for 
ATP-containing solutions. Temperature settings are indicated on the top of 
the graph and in the embedded legends. The fluorescence intensity was 
measured every minute when the temperature of each solution was changed 
as follows: a 10-tnin incubation at 1 5 °C, followed by a temperature increase 
to 37, 40, 45, or 55 °C within I min and further incubation at the raised 
temperature for 50 min. Finally, each sample was cooled to 22 °C in I min 
and incubated at 22 °C for 30 more min. For the ATP-containing samples, 
I mM ATP was added to the preformed duplex DNA mixture stored at 4 
°C and the resulting mixture was immediately examined. Other conditions 
are given in the experimental protocol section. (C) A quantitative description 
of temperature dependence of ATP reporter E. (1/2 is the time required for 
the ATP reporter to reach the half-maximal fluorescence intensity at a given 
temperature. 

In the absence of ATP, the reporter had a low and stable 
fluorescence intensity at 1 5 °C. When the temperature was raised 
from 15 °C to 37, 40, 45, or 55 °C, the intensity of the solution 
increased in a manner that was indicative of heat denaturation 
of the DNA duplex assembly. A higher incubation temperature 
resulted in a higher fluorescence intensity because less and less 
QDNAlc remained as part of a duplex assembly. At each 
temperature, a stable fluorescence intensity value was reestab- 
lished after a few minutes, indicating that the equilibrium 
between the amount of free QDNAlc and the amount of the 
QDNAlc bound in the DNA duplex assembly was reached. 
When the solution temperature was lowered to 22 °C, (he 
fluorescence intensity dropped owing to the reassociation of 
some free QDNAlc molecules into the DNA duplex structure. 

The introduction of 1 mM ATP into the DNA mixture (filled 
data points) did not cause a rapid increase in fluorescence 
intensity at 15 °C and 22 °C (i.e., room temperature; data not 
shown). However, when the temperature was raised from 15 
°C to 37, 40, 45, or 55 °C, rapid intensity increases were 
observed. We used t\n (the time required for the DNA solution 
to reach the half-maximal fluorescence intensity after the 
addition of 1 mM ATP at a designated temperature) to provide 
a quantitative measurement of the temperature dependence of 
the ATP-promoted intensity increase (Figure 2C). The lm at 
22 °C was very large at 830 min; at 37 °C, t\n was shortened 
to 6.8 min; when the temperature rose to 45 °C, the half- 
maximal intensity was reached in about 2 minutes. At temper- 
ature points other than 55 °C, the presence of ATP caused a 
marked difference in the increase of fluorescence intensity. The 
contrast between the intensity changes of the ATP-containing 
and ATP-lacking solutions was even sharper when the tem- 



perature was lowered from each of the higher temperature 
points to 22 °C, whereas the ATP-lacking solutions experienced 
a very significant decrease in fluorescence intensity, all the 
ATP-containing samples (including the one treated at 55 °C) 
registered a noticeable intensity gain. 

The above observations arc consistent with the structure 
switching mechanism shown in Figure 1A. Rapid structure 
switching did not occur at low temperatures (such as 1 5 °C) 
because most of the MAPI molecules existed in the duplex form 
where the ATP binding site was partially occupied by QDNAlc. 
A rapid structural transition happened at the elevated temper- 
atures because more QDNAlc molecules were forced to dis- 
sociate from the duplex assembly, and as a result, more free 
MAP molecules had their ATP-binding site freed for ATP 
binding. When the solution was cooled, whereas QDNAlc 
molecules naturally reannealed back onto the aptamer sequence 
in the absence of ATP, the formation of the ATP-aptamer com- 
plex in the ATP-containing solution prevented the reannealing. 

The ATP-aptamer complex appeared to be very stable despite 
the presence of QDNA 1 c. This is evident from the observation 
that the fluorescence intensity stayed unchanged upon continu- 
ous incubation at 22 °C (from 62 to 90 min, Figure 2B). We 
also examined the fluorescence intensity of each solution after 
longer incubation times (up to 100 hours) and found virtually 
no reduction in fluorescence intensity (data not shown). 

ATP Reporter A was then examined for sensing specificity 
(Supporting Figure 1). Although 1 mM ATP was able to produce 
~90% of the maximum fluorescence signaling capability (as 
compared to the solution where the QDNAlc was omitted), 
CTP, UTP, or GTP at 1 mM were not able to induce significant 
intensity increases. The original ATP aptamer was known to 
bind dATP as well,' 8 and indeed we found that the ATP reporter 
was able to bind to dATP (Supporting Figure 1 ). Furthermore, 
double mutations within the ATP binding site of MAPI (mutant 
Ml and mutant M2) abolished the ATP-binding capability 
(Supporting Figure 2). All of these observations are consistent 
with the specific ligand-dependent structural transition mech- 
anism depicted in Figure 1A. 

Diverse Duplex Design. Our engineering strategy can be 
easily expanded to include a variety of modification choices 
and Figure 3A lists three more duplex configurations. ATP 
Reporters B and C are both bipartite systems involving the use 
of a fluorescein-dT (Tl and T15, respectively) as the fluorophore 
and a separate QDNA as the quencher. ATP Reporter D is 
another tripartite system where FDNA and QDNA were 
designed to bind two adjacent stretches of the unmodified DNA 
aptamer. The relevant QDNA and FDNA molecules were chosen 
for each configuration following the examination of thermal 
denaturation profiles of several constructs for each system (data 
not shown). All these four ATP reporters were tested for 
signaling capability and specificity (Figure 3B). Without excep- 
tion, each of them was able to report specifically on the presence 
of ATP without false signaling for GTP (as well as CTP and 
UTP, data not shown). The ability to design alternative structure- 
switching configurations should help expand the usefulness of 
our strategy to allow the preparation of optimized signaling 
species for different aptamers. 

Reporters for Real-time Sensing at Low Temperature. It 
is apparent that ATP Reporter A can only be used to perform 
real-time detection at elevated temperatures such as 40 °C or 



4774 J. AM. CHEM. SOC. ■ VOL. 125, NO. 16, 2003 



Signaling Aptanxers 



ARTICLES 



ATP Reporter B (Duplex Setup B) ma P2 
5 ' F-TACCTGGGGGAGTATTGCGGAGGAAGGT 
Q-TGGACCCCCTCA,., 
QDNA2 5 

ATP Reporter C F MAP3 

STACCTGGGGGAGTATtGCGGAGGAAGGT 
Q-ACGCCTCCTTCc, 
QDNA3 



(Duplex Setup C) 



ATP Reporter D (Duplex Setup D) MAP4 
S'AOCTGGGGGAGTAT-TGOGGAGGAASGT 
ACCCCCTCATA ACGCCTCCT,, 
FDNA2 5* F Q QDNA4 



gtp|atp gtp|atp gtp|atp gtp|atp 

wter Reporter Reporter Reporter 



Figure 3. Different duplex configurations. (A ) ATP Reporter B is a bipartite 
system consisting of the 5' fluorescein labeled aptamer MAP2 and the 12- 
nt QDNA2. ATP Reporter C is another bipartite system made of aptamer 
MAP3 (internally labeled with fluorescein on TI6) and the 1 1 -nt QDNA3. 
ATP Reporter C is a tripartite system with the unmodified aptamer (M AP4), 
the ll-nt FDNA2 and 9-nt QDNA3. (B) Each reporter was examined 
without a target as well as in the presence of either ATP or GTP (in 
triplicate). The experiments were carried out as follows: A stock solution 
of a relevant MAP, QDNA and FDNA was combined with water, ATP or 
GTP and the resulting mixture was first incubated at 40 °C for 10 min, 
followed by incubation at 22 °C for 30 min before its fluorescence was 
measured. The final DNA concentrations were as follows: for ATP Reporter 
A, FDNA1 at 40 nM. MAPI at 80 nM, QDNA I c at 120 nM; for ATP 
Reporter B, MAP2 at 40 nM, QDNA2 at 80 nM; for ATP Reporter C, 
MAP3 at 40 nM, QDNA3 at 80 nM; for ATP Reporter D, FDNA2 at 40 
nM, MAP4 at 80 nM, QDNA4 at 120 nM. The final ATP or GTP 

the following equation (F - F, I it „ / ,) i here F is the fluorescence 
intensity of each sample, Ft, and F^ are for the samples with the lowest 
and highest fluorescence intensities, respectively. 

above but not at lower temperatures (Figure 2B). A system that 
is only able to perform real-time detection at elevated temper- 
atures has two key drawbacks for practical sensing applications. 
First, our tripartite or bipartite structure-switching reporters have 
increased background intensity at higher temperatures, producing 
a smaller signaling magnitude upon the binding of target. 
Second, because most aptamers are created at room temperature, 
their binding affinities are usually at their best near this 
temperature, and therefore, the detection at higher temperatures 
may significantly reduce the sensitivity of the aptamer reporters. 
Thus, it is very desirable to engineer aptamer reporters that are 
capable of real-time sensing at room temperature. 

We reasoned that the inability of ATP Reporter A to perform 
low-temperature real-time sensing was caused by the occupancy 
of a long stretch of aptamer sequence by QDNA, because the 




Figure 4. ATP reporter with real-time sensing capability at low temperature. 
(A) The DNA sequences used for the construction of ATP Reporter E. The 
modified aptamer contained the FDNA-binding domain (in dark blue), the 
original aptamer sequence (in black), and an inserted 5-nt domain (in 
medium blue) as part of the QDNA-binding domain. (B) Real-time sensing 
results. ATP reporter E was incubated in the absence of ATP for 10 min at 
an indicated temperature (15, 20, 25, or 37 °C), followed by the addition 
of ATP to 1 mM and a further incubation at the same temperature for 30 
more min. (C) The real-time sensing capability of ATP Reporter E was 
examined as a funclion of ATP concentration at 20 °C. ATP was used at 
0, 50, 100, 250, 500, 1000, 2000, and 3000 /(M. The experiments were 



in (B). 



reporter was constructed with an ll-nt QDNAlc that was 
designed to block the first 1 1 nucleotides of the original 27-nt 
aptamer sequence. We hypothesized that if we could reduce 
the number of the blocked nucleotides in the aptamer sequence 
from 1 1 to a smaller number (such as 6 or 7), we might then be 
able to produce a low-temperature reporter. Because the 
reduction in the number of blocked nucleotides in the aptamer 
cannot be achieved simply by using a smaller QDNA (because 
this would produce a less stable duplex structure and a larger 
background signal), wc decided to introduce additional nucle- 
otides between the aptamer sequence and ihe FDNA-binding 
motif. Thus, we redesigned ATP Reporter A into the new 
tripartite system shown in Figure 4A (denoted ATP Reporter 
E) by inserting an arbitrary' 5-nt sequence, CACGT, between 
the FDNA-binding domain and the aptamer motif. A 12-nt 
QDNA5 was used as the new quencher (it forms base pairs with 
both the five inserted nucleotides and the first seven nucleotides 
in the aptamer sequence). 

ATP Reporter E was tested for real-time signaling at 15, 20, 
25, and 37 °C and the data are shown in Figure 4B (the signaling 
DNA mixture was incubated at a designated temperature in the 
absence of ATP for 10 min, followed by the addition of 1 mM 
ATP and further incubation for 30 more min). ATP Reporter E 
was found to switch very quickly at all tested temperatures 
including 15 C C (the lm for ATP Reporter E at all these 
temperatures was all less than 1 min). In contrast, the ATP- 
promoted intensity increase of ATP Reporter A at 15 °C was 
too slow to determine a t,n (Figure 2C). These data indicated 
that ATP Reporter E indeed had a much improved low- 
temperature real-time sensing capability. 

ATP Reporter E also displayed a very large signaling 
magnitude (i.e., S/B, defined as the fluorescence intensity in 
the presence of ATP over that in the absence of any target) and 
the S/B values were found to be 14.1, 13.0, 10.4, and 7.1 at 15, 
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ficity of ATP Reporter E. (A) The fluorescence intensity of ATP Reporter E was recorded in real-time 
Dlicate) using the same experimental serting as in Figure 4B. The data obtained al the 20th minute were 
ere F is the fluorescence intensity of each sample, F 0 is for the sample with the lowest fluorescence 
, 100, 250, 400, 500, 600, 750, 800, 1000, 2000, and 3000 uM. Each data point represents the average 
irs indicated. (B) ATP Reporter E was examined for real-time sensing behavior in the presence of GTP 



20, 25, and 37 °C, respectively, upon the addition of 1 mM 
ATP. ATP Reporter E was also examined for intensity response 
to the increase of ATP concentration at 20 °C in real time 
(Figure 4C). Its signaling intensity increased linearly as the ATP 
concentration was raised between 0.01 and I mM (Figure 5A). 
This ATP reporter was also tested for target specificity (Figure 
5B). Although the reporter registered a large signaling magnitude 
in the presence of 1 mM ATP, ADP, and adenosine, the addition 
of 1 mM CTP (data not shown), 1 mM UTP (data not shown) 
or GTP was not able to induce a change in the fluorescence 
signal. We found that 1 mM dATP and 1 mM AMP induced a 
smaller but still substantial fluorescence intensity increase (10- 
fold vs 13-fold for I mM ATP). We confirmed that the intensity 
reduction was not caused by the inaccuracy of target concentra- 
tions (the concentration of each target was carefully determined 
by the standard spectroscopic methods). We further found that 
the reduced signaling magnitude seen with 1 mM dATP and 
AMP was due to a shift in the saturating target concentration 
because the maximum fluorescence enhancement was achieved 
when 3 mM dATP or 3 mM AMP was used (Figure 4C). This 
later experiment suggests that the affinity of ATP Reporter E 
for AMP (and dATP) is noticeably lower than that for ATP, 
ADP, and adenosine. The above target specificity pattern is in 
good agreement with that observed for the original aptamer. 18 
The observation of the reduced affinity for AMP by ATP 
Reporter E (in comparison to its affinity for ATP, ADP, and 
adenosine) is quite intriguing considering that these compounds 
have identical chemical structures except the 5'-phosphate 
groups. 21 

Signaling Complex for Protein Detection. To demonstrate 
the general applicability of the above design strategy, we 
engineered a new reporter by using a DNA aptamer previously 
isolated for thrombin binding. 20 We used a modified aptamer 
sequence, MAP6 (Figure 6A) that contained the same FDNA I - 
binding domain so that FDNA1 could again be used as the 
4776 J. AM. CHEM. SOC. • VOL. 125, NO. 16, 2003 



source of fluorophore. Seven nucleotides were inserted between 
the FDNA-binding domain and the aptamer sequence and the 
12-nt QDNA6 was used as the quencher. 

Evidence supportive of structure switching was also obtained 
using temperature-variation experiments similar to the ones 
shown in Figure 2B (data not shown). The real-time signaling 
ability of the thrombin reporter was assessed and the data are 
shown in Figure 6B. Rapid signal generation was observed upon 
the addition of thrombin at 30 °C (/ l/2 = 1.4 min) and 37 °C 
(tin — 12 min). The reporter also exhibited a fairly rapid change 
in signal at 25 °C C'i/2 = 4.6 min). However, tin increasingly 
lengthened when the detection temperature was decreased 
further. For example, at room temperature (22 °C), the t\n 
increased to 9.5 min. The need for a higher temperature for 
real-time sensing of thrombin (as compared to the ATP sensing 
with ATP Reporter E, which was capable of rapid real-time 
sensing even at 1 5 °C; see Figure 4C) might be caused by one 
of the following two factors (or combination of both): (1) the 
increased percentage of the blocked nucleotides for the thrombin 
reporter as 6 of the 15 nucleotides (40%) in the thrombin-binding 
aptamer domain were blocked by QDNA6 while only 7 of the 
27 nucleotides (~26%) in the ATP-binding aptamer domain 
were occupied by QDNA5, and (2) the nonoptimal metal ion 
concentrations. The later factor might be important for the 
thrombin aptamer because it has a guanine-quartet based tertiary 
structure that is known to be sensitive to both metal ion identities 
and metal ion concentrations. A previous study has shown that 
although K + promotes the formation of stable aptamer-thrombin 
complex, other metal ions such as Mg 2+ and Ca 2+ do not support 
(21) One possible explanation that 
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Figure 6. Structure-switching reporter for thrombin. (A) A previously isolated DNA aptamer for ihroml 
system using the similar design strategy employed for ATP Reporter E (see Figure 4A; the original th 
Real-time sensing capability of the thrombin reporter was examined in a similar way to that shown in 
the target and 5 mM KCI and l mM MgCl 2 as the metal ions. (C) The fluorescence intensity of the t 
with different concentrations of thrombin (in triplicate) using the same experimental setting as in Fit 
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the complex formation. 22 Our initial assaying mixture contained 
1 mM MgCb and 5 mM KCI and this condition was similar to 
that used in previous studies.' 220 To determine whether the 
concentrations of potassium and magnesium ions might affect 
the real-time reporting capability of our thrombin reporter, we 
performed a series of real-time sensing measurements under 
different concentrations of KCI and MgCl 2 . Although changing 
potassium concentration between 1 and 5 mM did not signifi- 
cantly affect the real-time sensing ability of the reporter (data 
not shown), lowering magnesium concentration enhanced the 
reporter's real-time detection capability at room temperature 
considerably (Figure 6D). 

The signaling intensity of the thrombin reporter had a linear 
response to thrombin concentration over the range of 10- 1000 
nM (Figure 6C) and the maximum fluorescence enhancement 
reached nearly 12-fold. Once again, the target reporting was 
found to be very specific as other proteins including bovine 
serum albumin (BSA), and human factors Xa and IXa were not 
be able to generate fluorescence signals that were significantly 
above background (Supporting Figure 3). The successful 
engineering of two DNA aptamer reporters based on the same 
principle suggests that our engineering strategy indeed is general 
and can be easily adapted for the conversion of any DNA 
aptamer into a fluorescence reporter. 

Discussion 

Base-pairing is fundamental to nucleic acids and appropriate 
exploitation of this interaction (such as sense-anlisense binding) 
has become a unique way to manipulate nucleic acid structure 

(22) Kankia, B. I.; Marky, L. A. Folding of the thrombin aptamer into a 
G-quadruplex with Sr\2+): stability, heat, and hydration. J. Am. Chem. 
Soc. 2001, 123(44), 10 799-10 804. 
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and function. Several recent reports have utilized a 
oligonucleotide binding to regulate nucleic acid functions such 
as inactivation of aptamer activity in vivo, 23 modulation of 
ribozyme and allosteric ribozyme activities in vitro. 24 ' 25 In this 
study, we have shown that antisense oligonucleotide binding 
can also be explored as a general strategy to design fluorescent 
aptamers as real-time reporters to detect small molecules and 
proteins. We have demonstrated that such reporters can be easily 
engineered from existing DNA aptamers using a simple 
structure-switching/fluorescence-dequenching mechanism. Be- 
cause our strategy exploits the common dual-structure-forming 
capability associated with each DNA aptamer, the methodology 
should be easy to generalize. 

Two important factors need to be considered in the establish- 
ment of a generalizable method for converting aptamers into 
fluorescence reporters. First, the method should be broadly 
applicable for aptamers with different binding affinities. It is 
well documented that aptamers have typical affinities (^d) in 
the nM range (or lower) for protein targets and in ihefiM range 
(or lower) for small-molecule targets. Therefore, we have chosen 
two representative aptamers for our study: the anti-ATP aptamer 
with a Ki of ~ 10 //M 18 and the anti-thrombin aptamer with a 
A'd of ~200 nM. 20 The successful generation of effective 
reporters using the same engineering principle but two different 
aptamers with substantial affinity difference indicates that our 
strategy is indeed generalizable for aptamers with a broad range 
of binding affinities. Second, the method should work well for 

(23) Rusconi, C. P., et at, RNA aptamers as reversible antagonists of coagulation 
factor IXa. Suture 2002. 419 (6902), 90-94, 

(24) Hartig, J. S., et at. Protein-dependent ribozymes repon molecular interac- 
tions in real time. Nat. Bioleclmol. 2002, 20 (7), 717-722. 

(25) Burke, D. H, Ozerova, N. D.t Nilsen-Hamilton. M. Allosteric hammerhead 
ribozyme TRAPS. Biochemists 2002, 41 (21), 6588-6594. 
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aptamers of different sizes (typically ranging from a dozen 
nucleotides to several dozen nucleotides). Our design strategy, 
which is particularly flexible with variable choices of duplex 
configurations, is well suited to deal with both large and small 
aptamers. Our designing strategy does not rely on the availability 
of detailed tertiary or even secondary structure information. For 
example, the only prerequisite for constructing a reporter 
according to Duplex Setup A (or B) is the simple truncation of 
nonessential nucleotides from the 5'-end of the relevant original 
aptamer sequence so that the QDNA molecule can be designed 
to block the first few essential nucleotides Therefore, our 
approach is very easy to generalize. 

The use of QDNA to partially block the binding site of an 
aptamer was expected to reduce the affinity of an aptamer for 
its target. This is because the aptamer-targct complex is not 
directly formed between the target and the free target-binding 
site of the aptamer but rather between the target and the aptamer 
that is partially occupied by QDNA. We found that ATP 
Reporter E had an apparent K d (taken as the target concentration 
that induced half-maximal fluorescence intensity change) of 
~600 /<M for ATP (estimated with the data shown in Figure 
5A), which is about 60-fold higher than that reported for the 
original ATP aptamer. 18 In contrast, the thrombin reporter had 
an apparent Ka of ~400 nM for the human thrombin (Figure 
6B), representing only a 2-fold affinity reduction in comparison 
to the original thrombin aptamer. 20 These observations seem to 
suggest that our QDNA-binding-and-release strategy causes 
more reduction in the target-binding affinity to signaling 
reporters constructed with low-affinity aptamers than to those 
built with high-affinity aptamers. On the basis of this observa- 
tion, we hypothesize that the magnitude of the apparent 
increase (i.e., the reduction of affinity for a target) is dependent 
on the affinity of the original aptamer. For a high-affinity 
aptamer (e.g., the thrombin-binding aptamer), the strong binding 
interaction between the aptamer and the target competes 
favorably with the QDNA-aptamer duplex binding interaction. 
As a result, the use of QDNA has little effect on the affinity of 
the aptamer reporter. However, with a low-affinity aptamer (e.g., 
the ATP-binding aptamer), the relatively weak target-aptamer 
interaction does not compete favorably with the QDNA-aptamer 
interaction, and therefore higher target concentrations are 
required to shift the following equilibrium to the right 

FDNA • MAP • QDNA + Target — 

FDNA • MAP • Target + QDNA (1) 

Consequently, the apparent Ka of the reporter is significantly 
increased. However, having studied only two signaling aptamers, 
there is not enough experimental evidence for us to make a 



general conclusion. More signaling aptamers will be examined 
in future experiments. 

The structure-switching signaling aptamers also exhibit a 
large signaling magnitude. Both the anti-ATP and anti- 
thrombin reporters exhibited a maximum S/B value in excess 
of 10. The signaling aptamers retain the binding specificities 
reported for the original aptamers. For example, the original 
anti-ATP aptamer was reported to bind ATP, ADP, AMP, 
adenosine, and dATP but not CTP, GTP, or UTP; 17 the 
engineered ATP reporters displayed the same target-recognition 
properties. The structure-switching reporters can be used for 
real-time sensing although the temperature suitable for real- 
time detection is greatly influenced by the number of nucleotides 
in QDNA that block the nucleotides essential for the formation 
of the DNA-target complex. Although a structure-switching 
signaling aptamer constructed with a long QDNA that binds 
solely to the aptamer domain can only be used for real-time 
sensing at elevated temperatures (such as 37 °C), reporters built 
with the same size of QDNA that blocks fewer nucleotides in 
the aptamer domain can perform real-time detection at very low 
temperatures (as low as 15 a C). Metal ion concentrations may 
also influence a reporter's low-temperature sensing ability as 
we found that the lower Mg 2+ concentration supported the low- 
temperature real-lime sensing of the guanine quartet-containing 
anti-thrombin aptamer reporter. 

DNA is easy to prepare and has exceptional chemical stability. 
DNA aptamers can be easily created by in vitro selection for 
binding to a diverse range of targets with both high binding 
affinity and specificity. The simplicity of our modification 
strategy and the effectiveness of resultant fluorescence reporters 
described herein should help promote the exploitation of DNA 
aptamers as molecular tools for the solution-based detection of 
biological cofactors, metabolites, proteins, and a variety of other 
ligands of interest. 

Acknowledgment. We thank the members of the Li labora- 
tory for helpful discussions, and Drs. David W. Andrews and 
John D. Brennan for helpful comments on the manuscript and 
for English corrections. This study was funded by the Canadian 
Institutes of Health Research, Natural Sciences and Engineering 
Research Council of Canada, and Canadian Foundation for 
Innovation. Y.L. holds a Canada Research Chair. 

Supporting Information Available: Signaling specificity of 
ATP Reporter A (Supporting Figure 1), signaling behaviors of 
two reporters made of mutant anti-ATP aptamers (Supporting 
Figure 2), and signaling specificity of the thrombin reporter 
(Supporting Figure 3). This material is available free of charge 
via the Internet at http://pubs.acs.org. 

JA028962O 



4778 J. AM. CHEM. SOC. ■ VOL. 125, NO. 16. 2003 



EXHIBIT D 



JjAjCiS 



Subscriber access provided by UNIV LAVAL 




G-Quadruplex Formation of Thrombin-Binding Aptamer 
Detected by Electrospray Ionization Mass Spectrometry 

M. Vairamani, and Michael L Gross 
J. Am. Chem. Soc, 2003, 125 (1), 42-43- DOI: 10.1021/ja0284299 • Publication Date (Web): 10 December 2002 
Downloaded from http://pubs.acs.org on April 6, 2009 



H 




H 



More About This Article 



Additional resources and features associated with this article are available within the HTML version: 
Supporting Information 

Links to the 8 articles that cite this article, as of the time of this article download 

Access to high resolution figures 

Links to articles and content related to this article 



#ACS Publications 
High quality. High impact. 



Journal of the American Chemical Society is published by the American Chemical 
Society. 1 155 Sixteenth Street N.W.. Washington, DC 20036 



J A C S 

fc' JOURNAL OF THE AMERICAN CHEMICAL SOCIETY 

Subscriber access provided by UNIV LAVAL 

Copyright permission to reproduce figures and/or text from this article 



View the Full Text HTML 



^ACS Publications 

Highquality. High impact. 



Journal of the American Chemical Sociely is published by the American Chemical 
Society. 1 155 Sixteenth Street N.W., Washington, DC 20036 



J|A|C|S 



G-Quadruplex Formation of Thrombin-Binding Aptamer Detected by 
Electrospray Ionization Mass Spectrometry 

M. Vairamani* and Michael L. Gross* 

Mass Spectrometry! Research Resource. Department of Chemistry. Washington University. St. Louis. Missouri 63130 
Received September 6, 2002 ; E-mail: mgross@wuchem wusll.edu 

The structure and properties of G-quadruplexes (Scheme I) 
formed by oligodeoxynucleotides (ODNs) 1 are of interest because 
they exist in telomeric DNA and are stabilized by interactions with 
other molecules and ions, blocking telomeric activity and providing 
a basis for antitumor drug design. 2 - 3 The basic unit of a quadruplex 
is a quartet of guanine bases, stacked and held together by ji—ji 
interactions. A recent crystal structure 4 shows that the loops holding 
together the G-quartets of telomere models are "propeller shaped", 
possibly explaining how they can be recognized by proteins. 4b DNA 
aptamers also may contain G-quadruplcx structures that allow them 
to bind to a desired target. 5 For example, the thrombin-binding, 
15-mer aptamer d(GGTTGGTGTGGTTGG) specifically binds 
thrombin protein and inhibits thrombin-catalyzed fibrin-clot forma- 
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Studies with c 
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spectroscopy, differential scanning calorimetry, isothermal titration 
calorimetry, and NMR M established the property of the 15-mer 
aptamer to form intramolecular G-quadruplex structures in the 
presence of various metal ions. There are only three reports, 
however, on mass spectrometric studies of G-quadruplexes in the 
gas phase: two on the observation of molecular ions of G- 
quadruplexes under electrospray ionization (ESI) conditions and 
one on their interaction with antitumor drugs. 1011 Here we report 
for the first time evidence that ESI MS detects the formation of 
the G-quadruplex of the thrombin-binding aptamer in solution and 
establishes some of its properties in the gas phase, particularly its 
specific interaction with metal ions. 

ESI of the thrombin-binding aptamer introduces into the gas 
phase [M - nH]"- (« = 3-8) ions. 12 In addition to the multiply 
deprotonated molecules, we expect ions in which H + 's are replaced 
with alkali metal ions, if available. The key question is whether 
the metal-ion binding is specific. Many polar compounds undergo 
nonspecific, metal-ion binding upon desorption or spray ionization. 
Nonspecific addition would easily occur by the replacement of 
phosphate protons of the ODN. To determine if the metal-ion 
binding is specific, we selected d(AATTAATGTAATTAA), d(AGT- 
TAGTGTAGTTAG), and d(GATTAGTGTGATTAG) as controls 
for which we replaced G bases with adenine. Ifthe carbonyl groups 
of the guanine bases do coordinate to the metal ions to form a 
G-quadruplex, then those ODNs having that structure should form 
specific adducts to a greater extent than those that bind nonspe- 
cifically. 

These control ODNs bind many Li + , Na + , K + , and Cs + ions, as 
was seen by a cluster of ions in which addition of more than one 
metal ion occurs for lower charge states (3" and 4") (data not 
shown), indicating that the binding is nonspecific. Addition of Rb + 
ion to the aptamer and to the control ODNs in various charge states 
is not significant. 

' Visiting scientist: Indian Institute of Chemical Technology. Hyderabad. 
42 ■ J. AM. CHEM. SOC. 2003, 125. 42-43 



Scheme 1. The Guanine Quadruplex (Left) and Schematic 
Diagram (Right) of the Intramolecular G-Quadruplex of the 
Thrombin-Binding Aptamer 




In the case of K + (Figure la), however, we found evidence for 
enhanced adduct formation of the aptamer with one K + ; these 
adducts exist in the high charge slates (6" lo 8~). The control ODNs 
do not show such adduct formation. The addition of Na + to the 
aptamer may be partly specific, but the specificity is considerably 
lower than that exhibited by K + binding. 

The divalent alkaline-earth metal ions Mg 2+ and Ca 2+ only 
interact weakly with the aptamer and the control ODNs. Sr 2+ (Figure 
lb) and Ba 2+ , however, clearly form abundant adducts with the 
aptamer, but not with the controls, pointing to stability and 
indicating specific interactions in this aptamer's binding (data not 
shown). The extent of adduct formation is similar for Ba 2+ and 
Sr 2+ . Ion abundances show that adduct formation is more favorable 
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Figure 2. The time-dependent number of Hs exchanged with CDjOD in 
the gas phase for (M - 7H) 7 " (a), (M - 8H + K) 7 ~ (b), and (M - 9H + 
Sr)'~ (c). The data are fit (solid curves) with 
and 10 s ; Pcmoo is unknown). The r — *~ ' ' 
8, whereas the slow-exchangir- 
respectively. Only 50% of the 
congestion. 
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spectroscopy. 7 

Intrigued by these results, we studied in more detail the ability 
of the aptamer to bind Sr 2+ . A 10-fold increase in the concentration 
of Sr 24 " (to 50 fiM) with respect to that of the aptamer (5 uM) does 
not lead to any significant additional binding of Sr 2 " 1 ". The abundance 
of the (M + Sr)"" adduct increases nearly linearly from 0 to 15% 
when the methanol concentration goes from 0 to 25% (by vol). 
We suggest that a decrease in the dielectric constant of the solution 
causes Sr 2+ to bind more effectively. We observe a similar effect 
when we used acetonitrile in place of methanol. The extent of adduct 
formation with Sr 2 * at different charge states does not vary 
significantly with respect to the changes in the concentration of 
methanol or acetonitrile. 

Others reported thai Pb 2+ and Mn 2+ ions also bind to this aptamer 
in its quadruplex form. 913 Our experiments with PbCI 2 and MnCb 
show that Pb 2+ does form an adducl with the aptamer, although it 
is less abundant than those of Ba 2+ and Sr 2+ . We draw this 
conclusion because, in a mixture containing equimolar amounts of 
Ba 2+ , Sr 2 * and Pb 2+ , the adduct with Pb 2+ is barely detectable. 
An adduct with Mn 2+ is also undetectable. The control ODNs do 
nol form detectable adducts with Pb 2+ or Mn 2+ . Others demon- 
strated, using NMR, that Tl + can replace K + in stabilizing the 
G-quadruplex structure, possibly because the ionic radii of the two 
ions are comparable. 14 We find that the binding with Tl + , however, 
is insignificant. 

Various measurements show that metal ions occupy the cavity 
between the two quadruplex structures formed by the eight guanine 
moieties and bind by coordination with the eight carbonyl groups 
of the guanines. Although the MS results presented thus far do not 
pinpoint the location of the metal ion, they do indicate that the 
interaction of the metal with the thrombin-binding aptamer is 
specific. The bonding in the gas phase is likely to be via the 
G-quadruplex form because Sr 2+ , Pb 2i , Ba 2+ , and K + , which show 
enhanced binding, have similar ionic radii (1.26, 1.29, 1.42, and 
1 .5 1 A, respectively). 15 When involved in eight-coordinate bonding, 
Ba 2+ , Sr 2 " 1 ", and K. + do form quadruplex structures in solution. 7 The 
lack of a smooth correlation between the ionic radii and the extent 
of adduct formation for these four metal ions suggests that the size 
of the metal ions is not the only factor in stabilizing the 
intramolecular G-quadruplex structure. Nevertheless, ESI MS does 
offer another sensitive method for studying G quadruplex structures. 

We then turned to a direct probe of the gas-phase structure, H/D 
exchange. When the thrombin-binding aptamer, with and without 
K+ or Sr 2 " 1 ", is stored in the ion trap as a function of time, the adducts 
undergo a time-dependent increase in H/D exchange with deuterated 
methanol (Figure 2). The CD 3 OD was admitted with the helium 



buffer gas and held at a constant, low partial pressure in the trap. 
The number of active H's in the 7" state of the aptamer is 41, 
which are the maximum that can exchange. At the longest time 
(10 s), 32 exchanges occurred for the aptamer, but approximately 
6 and 9 fewer exchanges occurred for the poiassium and the 
strontium adducts, respectively. This additional protection is 
evidence that the interactions with these metal ions stabilize 
additional H's because of the specific binding of the G-quadruplex 
in the gas phase. Further work to establish the G-quadruplex 
structure in (his and in related systems, using the H/D-exchange 
probe, is in progress. 
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Abstract: In this paper, a DNA aptamer, known to bind stereospecifically the o-enantiomer of an oligopeplide, 
i.e., arginine-vasopressin, was immobilized on a chromatographic support. The influence of various 
parameters (such as column temperature, eluent pH, and salt concentration) on the l- and D-peptide retention 
was investigated in order to provide information about the binding mechanism and then to define the 
utilization conditions of the aptamer column. The results suggest that dehydration at the binding interface, 
charge-charge interactions, and adaptive conformational transitions contribute to the specific o-peptide- 
aptamer complex formation. A very significant enantioselectivity was obtained in the optimal binding 
conditions, the D-peptide being strongly retained by the column while the L-peptide eluted in the void volume. 
A rapid baseline separation of peptide enantiomers was also achieved by modulating the elution conditions. 
Furthermore, it was established that the aptamer column was stable during an extended period of time. 
This work indicates that DNA aptamers, specifically selected against an enantiomer. could soon become 
very attractive as new target-specific chiral selectors for HPLC. 



Introduction 

The separation oferiiml miners k an area of increasing interest 
in pharmaceutical or biological fields, as two enantiomers of 
the same chiral molecule may have completely different 
physiological behaviors. For example, it is well established that, 
frequently, one of the two enantiomers of a drug is pharmaceuti- 
cal^ active, while the other one can be inactive or toxic. Thus, 
the industrials are becoming more and more interested in new 
separation methodology for both analysis and purification of 
optical antipodes. Intensive research efforts are carried out for 
the discovery of new peptidic drugs.' Notably, important papers 
have focused on the usefulness of peptides composed of i>amino 
acids (D-peptides) for the development and identification of 
potential drugs with resistance to proteolytic degradation. 2 
Therefore, several papers have been reported for the chiral 
separation of oligopeptides. 3 High-performance liquid chroma- 
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tography (HPLC) is one of the most suitable techniques for 
enantiomeric resolution at analytical (or preparative) levels 
because of its high efficiency, speed, reproducibility, and wide 
range of applications. During the last two decades, various types 
of chiral selectors have been introduced as chiral stationary 
phases (CSPs) in HPLC. The chiral selectors commonly used 
for the production of CSPs are amino acids.' 1 proteins, 5 crown- 
ethers,'' oligo- and polysaccharides, 7 or more recently macro- 
cyclic antibiotics. 8 However, (he conventional chiral stalionary 
phases are not specifically designed for the enantiomers to 
separate, making screening of stationary phase libraries a 
necessary step in the method development. Therefore, research 
efforts have been carried out in order to obtain tailor-made chiral 
selectors. Two major approaches have been reported involving 
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the production of imprinted polymers 9 or antibodies. 10 However, 
both these two tailor-made chira! stationary phases have some 
drawbacks. Columns packed with imprinted materials exhibit 
relatively reduced apparent enantioselectivity, peak asymmetry, 
and low sample load capacity due to a heterogeneous population 
of binding sites and a lack of recognition of a number of 
important compound classes.'*- 11 In addition, the use of antibod- 
ies as affinity stationary phases has constraints such as low- 
surface loading, difficulty in tailoring the selectivity, and lack 
of antibodies for weakly immunogenic molecules.' 2 

Nucleic acid aptamers are oligonucleotides, often single- 
stranded, with selective binding properties originating from in 
vitro selection experiments (SELEX methodology).'- 1 DNA or 
RNA aptamers have been identified for a broad spectrum of 
targets including metal ions,' 4 organic dyes," amino acids, 16 
peptides. 17 proteins,' 8 nucleotides, 1 '' and drugs. 2 " The selectivity 
and affinity of aptamers have been recently used with much 
interest in flow cytometry, 21 sensors, 20 "' 22 ELISA-type assays, 23 
capillary' electrophoresis. 24 and affinity chromatography. 25 Aptam- 
ers present various advantages. They are produced by chemical 
synthesis in a short time, at low cost, with reproducibility and 
accuracy and at a high degree of purity. It is also easily possible 
to change their sequence in order to modulate their binding 
selectivity. In addition, they can be modified at precise locations 
by molecules such as biotin in order to allow attachment to the 
streptavidin surface. Finally, they are stable to long-term storage. 
In some cases of chiral compounds, the efficient monitoring of 
the selection procedure has allowed a very high specificity 
exemplified by the capability of the aptamer to bind stereose- 
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[AVP] 

Cys'-Tyr-Phe'-Gln 4 -Asn 5 -Cys ,, -Pro 7 -Arg s -Gly , '-NH, 

I I 

Figure 1. Primary structure of arginine-vasopressin ([AVP]). 

lectively the target. For example, Geiger et al. 26 reported the 
selection of RNA aptamers that bind L-arginine with sub- 
micromolar dissociation constants and high enantioselectivity. 
Other RNA aptamers have been isolated thai can discriminate 
between L- and D-amino acids although showing relatively poor 
discrimination factors. 27 Williams et al. 2S produced a stereose- 
lective DNA aptamer. This selected oligonucleotide binds with 
high affinity the D-enantiomer of an oligopeptide without 
significant affinity for the L-enantiomer. However, to the best 
of our knowledge, the cnantiosclective properties of RNA or 
DNA aptamers have never been exploited for an application in 
target-specific chiral separations. 

The aim of this paper was to examine the feasibility of using 
a DNA aptamer, characterized by its high enantioselective 
binding, as a specifically designed chiral selector. A biotinylated 
DNA aptamer. with stereoselective binding affinity for a test 
D-peptide (arginine-vasopressin), was immobilized on a strepta- 
vidin chromatographic support. The retention and separation of 
the D- and L-peptides on this novel CSP was investigated in 
relation to column temperature, pH, and ionic strength of the 
mobile phase. A mechanism for the chiral discrimination of 
vasopressin enantiomers was proposed, and the operating 
conditions for optimal enantiomeric separation were determined. 

Experimental Methods 

Reagents and Materials. L- Vasopressin (Figure l) was obtained 
from Sigma Aldrich (Saint-Qucnlin, France), L>- Vasopressin was 
synthesized from o amino acids by Millegen (Toulouse, France) and 
purified by reversed-phase chromatography (C8 column: 4.6 x 30 mm 
with a particle diameter of 7 /jm; eluent A: H 2 0; eluent B: H;0- 
acetonitrile 25-75 (v/v); gradient elution by varying the proportion of 
eluent B in the mobile phase from 2 to 80% in 50 min; flow rale: I 
mL/min: UV detection: 215 nm; injection volume 100 «L; solute 

by ESI-MS (before cyelization: ml: 10X6.6 ([M + HJ+); alter 
cyclization: mlz 1084.6 ([M + HJ + )). Na 2 HPCU, NaH 2 PO<, KCI, and 
MgCl; were supplied by Prolabo (Paris, France). Water was obtained 
from an Elgastat option water purification system (Odil, Talant, France) 
filled with n reverse osmosis cartridge. The 55-base DNA oligonucle- 
otide (Figure 2) was 5'-biotinylaled (liurogentec, Herstal. Belgium) 
Biotin phosphoramidite containing a 16-atom spacer arm based on 
triethylene glycol was used for the aptamer biotinylation. The bioti- 
nylated oligonucleotide was purified by gel electrophoresis (Eurogen- 
tec). The 2. 1 x 30 mm POROS BA column (perfusion chromatography 
column with 20 fim flow-through particles) and the loading buffer (10 
mM phosphate, 1 50 mM NaCI, pH = 7.2) were obtained from Applied 

covalenlly bound to the particle surface. 

Stationary Phase Preparation. Prior to immobilization, the bioti- 
nylated aptamer was renaturated by heating the oligonucleotide al 70 
°C for 5 min in an aqueous buffer (20 mM phosphate buffer, 25 mM 
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Figure 2. Sequence and secondary structure model of the 55-base DNA 
aptamer showing the asymmetric internal loop of 20 nucleotides (L,) which 
is essential Tor the specific D-vasopressin enanliomer binding (from rcf 28). 

KCI, 1.5 inM MgCl 2 adjusted to pH 7.6) and left to stand at room 
temperature for 30 min. The POROS streptavidin column was 
equilibrated in loading buffer, by washing with ~20 mL. A 29 nmol 
sample of the modified aptamer was applied to the POROS streptavidin 
column using a pump fixed at a flow rate of 100 /iL/min during 3 h, 
at room temperature. The column was washed with -10 mL of loading 
bufTer, and the column washes were added to the unbound DNA 
solution. The amount of oligonucleotide coupled to the chromatographic 
support was quantified by subtracting the UV absorbance at 280 nm 
of the unbound DNA from the initial solutions. When not used, the 
aptamer column was stored at 4 "C in the loading buffer. 

Apparatus. The HPLC system consisted of a LC Shimadzu pump 
I0AT (Sarreguemines. France), a Shimadzu S1L-10AD auto injector, 
a Shimadzu SPD-1 OA U V-visible detector (). - 195 nm), a Shimadzu 
SCL-10A system controller with Class-VP software (Shimadzu), and 
an Igloocil oven (lnterchim). 

Chromatographic Operating Conditions. The mobile phase con- 
sisted of 5 mM phosphate buffer and 3 mM MgCb. The phosphate 
bufTer was prepared by mixing equimolar solutions of mono- and dibasic 
sodium phosphate to produce the desired eluent pH. The mobile phase 
pH ranged from 5.0 to 8.0, the column temperature from 0 to 25 = C, 
and the eluent KCI concentration from 25 to 100 mM. The mobile 
phase flow rates (50 or 150/iL/min) were low enough to exclude any 
split peak effect. To avoid the presence of significant nonlinear effects. 

sample size allowing the detection of u-peptide in all operating 

concentration of 0.9 mM, and 100 nL was injected at least three times. 

Determination of the Chromatographic Parameters. The solute 
retention on the aptamer stationary phase can be evaluated using the 

k = '^^ (1) 

where in is the retention time of the solute and <o is the column void 
time. To obtain the thermodynamic retention tune, i.e., the accurate 
measure of solute retention, ( R was determined by calculating the first 
moment of the peak as previously described. 5 " The void time was 
determined using the mobile phase peak. The retention times and 
column void time were corrected for the extracolumn void time. It was 
assessed by injections of solute onto the chromatographic system when 
no column was present. 

At infinite dilution, i.e., under linear elution conditions, and assuming 
that nonspecific interactions between solute and chromatographic 
support were negligible (see below), the retention factor can be related 
to the association constant between peptide and aptamer K as follows: 

k = oK (2) 



where o is equal to the ratio of the active binding site number in the 
column (m L ) over the void volume of the chromatographic column (Km). 

The efficiency of the column, reflecting the band broadening, was 
characterized by estimating the reduced plate height h (the smaller the 
reduced plate height, the greater the efficiency): 




(3) 



with 

"=5.54g) 2 (4) 

where N is the number of theoretical plates (5 is the peak width at 
half-height), L is the column length, and d p is the average particle 

The asymmetry factor A„ reflecting the peak distortion, was 
determined by calculating the ratio of the second (or right) part of the 
peak over the first (or early) part of the peak at 1 0% of the peak height. 

Analysis of the Retention Data. The model equations were fitted 
to the retention factors of the solutes using the software Table Curve 
2D (SPSS Science Software GmbH, Erkrath, Germany). 
Results and Discussion 

The chromatographic column used in this study consisted of 
a D-vasopressin-specific DNA aptamer immobilized on a highly 
porous polystyrene-divinylbenzene support via a biotin- 
streptavidin bridge. It has been previously established that this 
55-base aptamer bound Ihe D-enantiomer of peptide with an 
association constant of ~].l ^M"', while no significant affinity 
for the L-enanliomer was observed. 28 This aptamer is character- 
ized by an asymmetric internal loop of 20 nucleotides, which 
is essential for the specific D-vasoprcssin binding (see Figure 
2). A 21 nmol sample of aptamer was immobilized for a bed 
volume of 100 uL. The maximum binding capacity of the 
POROS streptavidin media was approximately 12.5 nmol of 
biotinylated antibody per 100 /*L. 29 This difference between 
oligonucleotide and antibody immobilization indicates that the 
aptamer can be bound more densely than the antibody due to 
the difference in the steric effects. Similar conclusions have been 
drawn by Deng et al.. 25 " who immobilized an adenosine-specific 
DNA aptamer on a streptavidin support, for the separation of 
adenosine and analogues by affinity chromatography. The 
analysis ofthe enantiomeric mixture was carried out in operating 
conditions similar to those originally used for the selection of 
the aptamer. 25 The mobile phase consisted of 5 mM phosphate 
buffer, 100 mM KCI, and 3.0 mM MgCh, pH 7.0. The column 
temperature was set al 20 °C. As shown in Figure 3, the 
D-peptide was retained by the affinity column, while the 
L-peptide eluted in the void volume. 

This result indicates that the immobilized aptamer binds 
significantly the D-enantiomer without any significant binding 
to the L-enanliomer. To explore the mechanistic aspects of this 
chiral discrimination and to determine the optimal utilization 
of this aptamer column, experiments were performed under a 
variety of operating conditions (pH and ionic strength of the 
mobile phase and column temperature). The chromatographic 
results are presented below. 

Bulk Mobile Phase pH Effects. Vasopressin has three 
ionizable groups: the N-tcrminal amino, the argininc guanidine, 
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Figure 3. Separation of the vasopressin enantiomer pair (L; t 
D: D-enantiomer) using the target-specific aptamer 
Column: 2.1 x 30 mm. Temperature: 20 °C. Mobile p 
5 mM phosphate buffer, 100 mM KC1, 3 mM MgCI 2 , pH 7.0. F 
150f<L/min. Injection: 100 nL at a concentration of 0.9 mM. UV de 
at 195 nm. 



and the tyrosine phenol groups. In a peptide, the mean values 
of pA' a for the arginine guanidine, tyrosine phenol, and cysteine 
N-terminal amino groups are ~12.5. — 1 0.5. and ~7.3, respec- 
tively. 30 Therefore, at eluent pH values lower than 8.5, arginine 
guanidine and tyrosine phenol groups are expected to be entirely 
protonated. On the other hand, the deprotonation of the 
N-terminal amino group is expected to start at lower eluent pH. 
By analyzing the pH effects on solute retention in the eluent 
pH range from 5.0 to 8.0. it was possible to evaluate a possible 
Coulomb interaction between the peptide N-tcrminal amino 
group and phosphate groups of DNA. The column temperature 
was 20 °C with a mobile phase consisting of 5 mM phosphate 
buffer, 100 mM KC1, and 3 mM MgCl 2 . The u-enanttomer 
eluted in the void volume at all the mobile phase pH's. On the 
other hand, the D-enantiomer of vasopressin was significantly 
retained by the column over this eluent pH range. However, no 
significant variation of k 0 was observed over the pH range as 
presented in Figure 4. 

Such retention behavior is consistent with a binding mech- 
anism in which the N-terminal amino group on the D-peptide is 
not essential to the interaction with the aptamer stationary phase. 

Bulk iMobile Phase Salt Effects: The Polyelcctrolytc 
Effect. The knowledge of the salt effect operative in the 
peptide-DNA interacting system could provide valuable in- 
formation on the role of the Coulomb interactions in the 
association process. Previous papers have reported that relations 
derived from the Wyman concept constitute a valuable tool to 
describe the salt dependence on the solute retention in hydro- 
phobic, electrostatic interaction and affinity chromatography. 31 
The salt effects on the equilibrium constant K between the 
peptide and the aptamer can be modeled at a thermodynamic 

(30) Messana, I.; Kosseti. D. V.; Cassiano, !_; Misisti, p.; Giaraina, B.: 




Figure 4. Plot of In * versus eluent pH for D-peptide (t D ) using the target- 
specific aptamer stationary phase. pH range: 5.0-8.0. Column: 2.1 x 30 
mm. Temperature; 20 °C. Mobile phase composition: 5 mM phosphate 
buffer, 100 mM K.CI, 3 mM MgClj. Flow rate: ISO^Umin. 

level in terms of the direct stoichiometric participation of ions 
(f t ) and water (i; w ) in the association reaction. The dependence 
of K on the mean ionic activity a s can be formulated as follows, 
via the linkage Wyman relalions modified by Tanford: 32 



d(ln K) pm 
dTm^) = (AV ' )_ ^ 



(5) 



where (&i> x ) and (Av„-) are respectively the net number of salt 
ions and water displaced or bound in forming the peptide- 
DNA complex, is the mola! concentration of salt, and p is 
the total number of ions associated with the electrolyte. At low 
em High sail concentration, the consequences of water release 
are insignificant. So, the dependence of A' on salt activity 
provides a measure of the net number of ions released or bound 
upon complex formation. 33 Assuming that replacing the ionic 
activity by salt concentration c, introduces little error over the 
experimental salt concentration range, an approximate integrated 
form of the equation is obtained as previously reported: 33 



In K == In K„ + (AvJ In c x 



(6) 



it in a hypothetical I M salt 



where K a is the binding const 
concentration reference state. 

Using eqs 6 and 2 the following relation can be obtained: 31 " 

In k s In k a + (Av,) In c x (7) 

where ko is the retention factor corresponding to /Co. 

It is well established that, for the interactions between a 
cationic ligand and double-stranded or single-stranded DNA, a 
decrease in the equilibrium association constant is observed with 
increasing salt concentration. 34 Previous thermodynamic studies 
have shown that this salt dependence is mainly due to the release 
of counterions (cations) from the DNA phosphate backbone 
upon the complex formation. 33 - 34 The high electrostatic potential 
from the negatively charged backbone of the nucleic acid is 
responsible for an accumulation of cations in the vicinity of 
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Figure 5. Plot of In * versus In t-, for D-peptide (t D ) using the target- 
specific aptamer stationary phase. KCI concentration (rj range: 25-100 
mM. Column: 2.1 x 30 mm. Temperature: 20 °C. Mobile phase 
composition: 5 mM phosphate buffer, 3 mM MgCU, pH 6.0. Flow rate: 
150 /iL/min. (- - -) Theoretical curve obtained by fitting eq 9 to the 

the nucleic acid (polyelectrolyle nature of the nucleic acid). In 
fact, when a cationic ligand interacts with a nucleic acid, the 
neutralization of phosphate results in the release of the associated 
counterions. For the DNA of the length used here (55 bases), 
DNA behaves as a polyelectrolytc. 35 Therefore, can provide 
an estimate of both the number of DNA phosphate charges 
neutralized in the interaction and the contribution of the 
polyelectrolyte effect to the cationic ligand-DNA complex. 33 -" 
Thus, the following relation can be obtained from eq 7: 

ln* as lnJfc„-m'«I'lnc Jt (8) 

where in' is the number of ton pairs and *V the degree of cation 
condensation per phosphate (assumed to be 0.76 for single- 
stranded DNA 34b ). In this approach, the presence of Mg 2+ as 
potential competitive cation for phosphate groups has been 
neglected. Taking into account this effect, the following relation 
is described: 36 

In k = In k v - 




where cm^ is the Mg 2+ concentration in the medium and K^ s 
the equilibrium constant at 1 M between Mg 2+ and phosphates 
on DNA. 

The analysis of the salt effects was carried out by measuring 
the retention lime of L- and D-pepiides in the eluent KCI 
concentration range from 25 to 100 mM at a column tempera- 
ture of 20 °C. The mobile phase consisted of 5 mM phosphate 
buffer and 3 mM MgCl 2 , pH 6.0. The retention factor of the 
u-peptide decreased with the mobile phase K.C1 concentration, 
while the L-peptide was always eluted in the void volume. Figure 
5 shows the In k versus In c x plot for the D-enantiomcr at pH 
6.0. 

To assess if this retention factor change with increasing salt 
concentration was due to a variation in the binding capacity of 
the column, the concentration dependencies of the D-peptide 
retention were measured at different c.,. 37 No change in the 
number of binding sites was observed when the concentration 
or salt varied. These results demonstrate that Coulomb interac- 
tions participate in retaining the u-peptide. The m value obtained 

(35) Thompson, M.; Woodbury, N. W. Bio/ihvs. J. 2001. 81, 1793. 

(36) Kecord, M. T.; dcHiueth. P. 1.,; Lehman, T. M. Biochemistry 1977. 16, 
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from eq 9 by a nonlinear regression procedure was 1 .0 ± 0.4 
(r 2 — 0.964), suggesting that only one charge-charge interaction 
was involved for the u-enantiomer binding. 

Column Temperature Effects and Determination of Ther- 
modynamic Parameters. Valuable information about the 
processes driving the peptide chiral discrimination can be further 
gained by examining the temperature dependence on solute 
retention. 3 * The temperature dependence of the retention factor 
is given by the following relation: 

ln* = ^ + f+lna (10) 

where A// and AS are respectively the enthalpy and entropy of 
transfer of solute from the mobile to the stationary phase, T is 
the absolute temperature, and R is the gas constant. If the 
stationary phase, peptide, and solvent properties are independent 
of temperature and AW and AS are temperature invariant, a 
linear van't Hoff plot is obtained. When AH and AS' are 
temperature dependent, the following logarithmic equation can 
be given assuming invariance ofheat capacity change AC,, with 
temperature: 39 

ACJT H T s \ 

lnk = ~Af' ln T~ l J + lna 

where Tu and T s are reference temperatures at which AH and 
AS are nil. Enthalpy and entropy changes can be evaluated as 
follows: 

AH=AC p (T-T„) (12) 
AS = AC p \n^j (13) 

The analysis of the thermodynamics was carried out by 
measuring the D-peptide retention factor in the temperature range 
from 0 to 25 °C. The mobile phase consisted or5 mM phosphate 
buffer and 3 mM MgCl 2 , pH 6.0. The van't Hoff plot for the 
D-peptide exhibits a significant nonlinear behavior as shown in 
Figure 6. 

The concentration dependencies of the solute retention factor 
were also measured tit different temperature in order to assess 
if the nonlinearity of the van't Hoff plot was due to a variation 
in the number of active binding sites. 37 As reported above for 
the salt experiments, the binding capacity of the column was 




(39) Haidache'r. D.; Vuilaya. A.; Horvath, C Pw. Hall. Acad. Sci. U.S.A. 1996. 
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Figure 7. Separation of" the vasopressin enantiomer pair (L: i 
D: D-enantiomer) using the target-specific aptamcr stationary phase. 
Column: 2.1 x 30 mm. Temperature: 20 °C Mobile phase composition: 
5 mM phosphate buffer, 3 mM MgClj, pH 6.0. Flow rate: 150 ^L/min. 

invariant when the temperature changed. Therefore, the non- 
linearity of the van't Hoff plot is consistent with a large and 
negative heal capacity change. Figure 7 presents a chromatogram 
obtained by injection of an enantiomeric mixture at T equal to 
20 °C. 

From the nonlinear In k versus 1/7' plot, the thermodynamic 
parameters for D-peptide interaction with the aptamer were 
determined using eqs 11-13 (r 2 = 0.983). Table 1 shows the 
values of AC P , T lt , T s , A/7, and A5. 

For the determination of 7^ and AS, the number of moles of 
immobilized aptamer was used as the mi. value assuming that 
the aptamer immobilized on the column was available for an 
interaction with the D-peptide. However, it is not always verified 
and the number of moles of active binding sites in an affinity 
protein-based column can be lower than the number of moles 
of ligand effectively immobilized. This is due to various factors 
such as steric hindrance, denaturation, or inefficient orientation 40 
For example, it has been shown that from -~10% to ~80% of 
the ^-blocker sites," 10u benzoin sites, 40b and warfarin sites 40c are 
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Table 1. Temperature Dependence of Thermodynamic Quantities 
Associated with the o-Peptide retention on the Aptamer Stationary 
Phase As Evaluated by Fitting Eq 1 1 to Experimental Data 8 



71.0(2.3) 341.0(10.0) 

55.9(1.2) 286.1 (6.3) 

40.8 (0.08) 232.0(1.6) 

25.7(1.2) 178.6(2.5) 

10.6(2.4) 126.0(6.5) 
-4.5(3.5) 74.0(10.5 
-23 4(5.0) 10.1 (15.1 



-3.780(0.293) 18.8(0.9) 25.8 (l.< 




Figure 8. Art (-) and -7AS (- - -) plots vs column temperature (/) for 
D-peptide retention on the target-specific aptamer stationary phase. Col- 

31m MgCl 2 , pH 6.0. Flow rate: 150 £t-/min. P P 

active in various protein- based columns. Therefore, 7"jand AS 
were also determined using an m L value arbitrarily fixed to 10 
nmol, representing ~50% of the number of moles of aptamer 
effectively immobilized. Very low changes in the 7*s and AS 
values are observed. 41 For example, at 10 °C, the entropy change 
was only 3% higher than the AS value obtained using the 
number of moles of ligand effectively immobilized. So, neglect- 
ing these effects has no serious consequences on the interpreta- 
tion of the thermodynamics. As a consequence of heat capacity 
change, the enthalpic and entropic contributions are strongly it 
function of temperature. Figure 8 shows the AH and -TAS 
values plotted as a function of the column temperature. 

At low temperature, the binding of the D-enantiomer to the 
aptamer stationary phase is characterized by an unfavorable 
enthalpy term so that the association process is purely entropi- 
cally driven. At about 25 °C, the enthalpy change of association 
was estimated to be approximately -20 kJ/mo! with - TAS ~0 
kJ/mol, indicating that the complex formation is enthalpically 
governed. 

Possible Thermodynamic Origins of the D-Peptide Binding 
to the Immobilized Aptamer. L-Vasopressin does not exhibit 
any significant retention on the aptamer column under the 
various operating conditions. This means that possible Coulomb 
interactions, hydrophobic effects, or van der Waals interactions/ 
hydrogen bonding with the chromatographic support or non- 
specific regions of DNA are reduced and can be neglected in 
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this chromatographic system. Therefore, the D-peptide retention 
is exclusively dependent on the interactions with the specific 
binding pocket (the 20-base loop as indicated above). pH 
experiments suggest that the N-terminal amino group of the 
D-peptide is not involved in the binding at the stereospecific 
pocket. Such a behavior can be explained if it is considered 
that the aptamer has been selected against the target using 
D-vasopressin linked to the column through its N-terminal amino 
group. Moreover, no significant difference in the association 
constants was previously obtained for the D-vasopressin— 
aptamer or /V-acetyl D-vasopressin-aptamer complexes. 28 As 
the salt experiments indicate that one charge-charge interaction 
occurs in the binding of D-peptide to the aptamer, it is strongly 
assumed that the arginine guanidine residue engages in a 
Coulomb interaction with one phosphate group at or near the 
specific binding loop. This is in agreement with previous data 
that showed that arginine guanidinium groups are frequently 
involved in the specific interaction between peptide/protein and 
nucleic acids. One example of the arginine-rich family of nucleic 
acid-binding proteins is the tat protein, which interacts specif- 
ically with TAR via the binding of a single arginine residue 
within a bulge situated within an RNA hairpin. 42 Furthermore, 
a study of Tao and Frankel described an RNA aptamer-arginine 
complex formation which involved both Coulomb interactions, 
hydrogen bonding, and stacking interactions. 43 Temperature 
experiments indicate the presence of a large and negative heat 
capacity change upon the D-peptide binding (Table 1). A large 
negative AC ( , of association is a common feature of site-specific 
protein-nucleic acid interactions. 44 AC P is classically related 
to hydration changes between two states of the system. 
Dehydration of nonpolar groups is a process accompanied by a 
major negative heat capacity change, while a positive heat 
capacity change is observed for the dehydration of polar 
surfaces. 45 Such a large, negative AC,, for D-peptide -aptamer 
interaction is consistent with a complex formation in which 
several contacts between nonpolar groups of two species are 
engaged. Consequently, it is strongly assumed that hydrophobic 
forces play a role in the D-peptide-aptamer complex formation. 
This effect explains, at least in part (sec below), the entropically 
driven binding process observed at low temperature (Table 1 
and Figure 8). However, it is well established that, at 25 "C, 
the transfer of hydrophobic compounds from water to nonpolar 
solvents ("pure" hydrophobic effect) is characterized by an 
enthalpy of formation close to zero and a large, positive entropy 
contribution. 46 At 25 °C, for the D-peptide-aptamer association. 
AH is approximately -20 kJ/mol (Table 1 and Figure 8). This 
means that van der Waals interactions and hydrogen bonding 
(both characterized by negative enthalpy changes at this 
temperature 4t,M7 ) are engaged at the complex interface. As AS' 
% 0 J/mol-K at 25 °C (Table 1 and Figure 8), it appears that 
there should be some source of negative entropy compensating 
the large, positive entropy of dehydration. The overall entropy 




(46) (a) Hal / 4rmi S > I 1st- si- ) h 
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change at 25 °C can be split up in the following way: 45 "- 47 "- 48 

AS = AS dch - ¥ + AS** + AS"'" + AS" nf «s 0 (14) 

where favorable entropic changes include AS*** (entropy change 
due to dehydration effects) and AS'* (entropy change due to 
the polyelectrolyte effect) and unfavorable contributions include 
AS 1 "" (entropy change associated with the loss of translational 
and rotational degrees of freedom) and AS"™ 1 ' (entropy change 
due to the loss of conformational freedom). The positive entropy 
contribution from counterion removal (polyelectrolyte effect) 
is estimated to be weak (20 J/mol-K). 49 In addition, direct 
experimental studies have shown that the entropy cost due to 
the reduction of translational and rotational degrees of freedom 
is small, i.e., AS" 7 " is about -20 J/mol-K. 50 So, the major 
negative contribution to the entropy change would result mainly 
from the conformational entropy contribution, and an estimate 
of AS"" 1 can be obtained as follows: 

AS 00 "' w -A5 dehy = -(AS n? '' hy + AS p * hy ) ( 1 5) 

where entropic effects of dehydration can result from the water 
release from both nonpolar (AS„ p ,Jch) ') and polar (ASp* 1 ") groups 
at the interface 47 " Using the quantitative relationships previously 
developed for the analysis of various protein- DNA association 
thermodynamics. AS,,/"** was estimated to be ~I300 J/mol-K 
at 25 °C. SI Although ASp*"* cannot be evaluated, the polar 
group dehydration can only increase the positive component of 
the association entropy. 47 " Therefore, AA VDnf is lower than -1300 
J/mol'K. This unfavorable conformational entropy change could 
proceed from fixation of side chains at the interface and 
structural changes in the interacting molecules upon complex 
formation. The conformational entropy of fixing an average 
amino acid residue is about -40 J/mol-K. 45 "- 47 " So, the maxima] 
entropy cost for the D-peptide binding is ca. -360 J/mol-K. 
This means that an other major negative entropy component 
comes from some structural changes in the interacting molecules 
upon complex formation. This expected behavior squares with 
the general feature of the association between peptide/protein 
and nucleic acid aptamer. Adaptive conformational transitions 
are classically associated with complex formation where both 
components are able to adjust their recognition surfaces in order 
to maximize complementarity through tightly packed contacts 
involving stacking. Coulomb interactions, and hydrogen bond- 
ing. 52 

Chromatographic Properties of the Target-Specific Aptam- 
er Column. Enantioselectivity and Analysis Time. The main 
advantage of the target-specific aptamer column is that the 
enantioselectivity is very significant since the stationary phase 
binds only to the D-enantiomer; that is, the L-peptide interaction 
with the stationary phase is negligible whatever the operating 
conditions investigated. The separation factor is higher than the 
one classically observed with the imprinted chiral selectors 9 " 
and in the same order of magnitude as the one obtained using 

(47) (a) Privatov. P. L„ Jelesarov, !.; Read, C. M. Dragaji. A. 1 ; Crane-RoWnson 
C. J. Mul. BH. 1999. 294. 997. (b) Jttew. I.. Bosshard, H. R J MM. 
Recuxnit. 1999, 12, 3. 

(48) Spolar, R. 5.; Recuid, M 7 Science 1994. 263. 777. 

(49) was evaluated u in Ox ft i i mhution is primarily 

(50) Tamun \ Privatov ! I Vnl Biol 1997, 27.?, 1048. 

(51) AV""( 7 "> = 1.35AC, ln(773 8 6) from rrf 4S 

(52) (a) Hermann T Paiel I) J r r 2000. 2A s20 (b) Palel. D. J. Citrr. 
Opin. Chem. Biul. 1997, 1, 32 
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stereoselective monoclonal antibodies 10a (for which the interac- 
tion of the noiUarget enantiomer with immobilized antibody is 
also negligible). Here, it can be noted that the aptamer 
immobilization could affect the binding properties of the 
selector. However, such a possible behavior is expected to have 
a reduced effect since the chiral discrimination properties of 
the aptamer are maintained upon immobilization. So, the 
immobilization effects via strcptavidin— biotin reaction allow 
the conservation of the stereoselective properties of DNA, and 
such an attachment procedure is useful for HPLC application. 
Both the separation of the vasopressin enantiomers and the 
analysis time can be easily modulated by varying the mobile 
phase salt concentration and the column temperature. Peptide 
enantiomers cannot be completely resolved using a high ionic 
strength mobile phase at a low column temperature. Baseline 
separation in a short time (around 7 min) is achieved at ambient 
temperature with 100 mM KC1 in the mobile phase (Figure 3) 
or at a lower temperature without KC1 in the clucnt. At ambient 
temperature, a significant enhancement of the enantiosclcctivity, 
associated with a concomitant increase in the analysis time 
(around 15 min), is obtained when a low ionic strength mobile 
phase is used (Figure 7). 

Band Broadening and Peak Asymmetry. Using eqs 3 and 
4, the reduced plate height of the D-enantiomer was estimated 
to be cumprised between 35 and 40 at a flow rate of 150 uU 
min. As a comparison, the reduced plate height observed for 
L-phenylalanine anilide (the more retained enantiomer) on an 
imprinted chiral stationary phase varied from 35 to 150 with 
flow rate increasing. ,c On the antibody-based chiral stationary 
phase, the h values obtained for the more retained enantiomer 
of various amino acids were comprised between 20 and more 
than 200 in relation to the flow rate and the compound type. 5 - 1 
In addition, the D-peptide peak distortion was reflected by an 
asymmetry factor around 1.5 (ideal is 1). When only one 
type of site is involved in the solute binding to the stationary 
phase as expected lor the immobilized aptamer, broad and 
unsymmetrical peaks are the consequence of slow mass transfer 
kinetics (homogeneous kinetics tailing). 54 Several recent studies 




have demonstrated that target-aptamer complex formations are 
characterized by small rate constants, 55 as expected for a two- 
step association process that includes a rapid bimolccular 
association followed by rate-limiting slow structural changes 
which mediate the binding surface complementarity. 55 ' So. no 
doubt that slow association-dissociation kinetics contribute 
significantly to the peak broadening and asymmetry that are 
observed with the aptamer column. Efficiency as well as peak 
shape can be significantly improved by increasing the Stanton 
number. 54 For example, the h value for the D-enantiomer was 
around 1 5 and A s 58 1 .2 at a lower flow rate of 50 wL/min. 

Column Stability. The column stability was evaluated by 
comparing the u-peplide retention factor before and after more 
than five months in the same conditions. No significant change 
in retention time was observed. This demonstrates the stability 
of the aptamer column during an extended period of time. 
Concluding Remarks 

In this paper, we report for the first time the use of an 
immobilized DNA aptamer as a new target-specific chiral 
stationary phase for high-performance liquid chromatography. 
Immobilized DNA aptamers could soon become very attractive 
chiral stationary phases specifically designed against an enan- 
tiomer since experiments show high stereospecificity. valuable 
binding capacity, and stability during an extended period of time. 
In addition, this work shows that an aptamer immobilized on a 
chromatographic support constitutes a valuable tool for examin- 
ing the mechanistic aspects of the target-DNA complex 
formation. More overall, this new type of chiral selector could 
find applications in various other fields of chemistry such as 
enantioselective solid phase extraction, binding assays, and 
sensors. Further experiments arc now in progress in our 
laboratory in order to select a stereoselective DNA aptamer 
against other enantiomeric compounds such as amino acids. 
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Abstract: It has been shown that the DNA aptamer d(G2T 2 G 2 TGTG 2 T 2 G 2 ) adopts an intramolecular 
G-quadruplex structure in the presence of K + . Its affinity for trombin has been associated with the inhibition 
of thrombin-catalyzed fibrin clot formation. In this work, we used a combination of spectroscopy, calorimetry, 
density, and ultrasound techniques to determine the spectral characteristics, thermodynamics, and hydration 
effects for the formation of G-quadruplexes with a variety of monovalent and divalent metal ions. The formation 
of cation-aptamer complexes is relatively fast and highly reproducible. The comparison of their CD spectra 
and melting profiles as a function of strand concentration shows that K + , Rb + , NH4 + , Sr 2 " 1 ", and Ba 2+ form 
intramolecular cation-aptamer complexes with transition temperatures above 25 °C. However, the cations 
Li + , Na + , Cs + , Mg 2+ , and Ca 2+ form weaker complexes at very low temperatures. This is consistent with the 
observation that metal ions with ionic radii in the range 1.3-1.5 A fit well within the two G-quartets of the 
complex, while the other cations cannot. The comparison of thermodynamic unfolding profiles of the Sr 2 " 1 "— 
aptamer and K+-aptamer complexes shows that the Sr 2+ -aptamer complex is more stable, by -18 °C, and 
unfolds with a lower endothermic heat of 8.3 kcal/mol. This is in excellent agreement with the exothermic 
heats of -16.8 kcal/mol and -25.7 kcal/mol for the binding of Sr 24 and K + to the aptamer, respectively. 
Furthermore, volume and compressibility parameters of cation binding show hydration effects resulting mainly 
from two contributions: the dehydration of both cation and guanine atomic groups and water uptake upon the 
folding of a single-strand into a G- quadruplex structure. 



Introduction 

The discovery of chromosomal sequences has led scientists 
to investigate the formation of unusual DNA structures.' 
Examples include telomere sequences, which are required to 
stabilize the ends of chromosomes 2 for the proper replication 
and segregation of eukaryotic chromosomes. 3 These telomere 
ends of 12-16 bases usually have G and T repeats in one strand 
that overhangs at the 3' end. 4 Model telomere DNA sequences 
form a variety of tetraplex structures stabilized by cyclic 
hydrogen bonding of four guanines, forming G-quartets in the 
presence of univalent metal ions such as Na + or K + . 5 G-quartets 
are also found commonly in DNA aptamers, which have been 
identified by some selection process to bind specific targets. 6 
G-quadruplexes are remarkably stable both kinetically and 
thermodynamically 7-9 because of the tight association of cations 
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with guanine residues. 10 The cations are coordinated to guanine 
06 carbonyl groups between the planes of neighboring quartets. 
This provides a rationale for the observation that K + stabilizes 
such structures much more strongly than other univalent cations. 
Despite extensive investigations on G-quadruplexes, there is still 
a need to further our understanding of the role of cations in 
terms of their size, charge, and thermodynamic and hydration 
properties. 

In this work, we use the oligonucleotide d(G 2 T 2 G 2 TGTG2- 
T 2 G 2 ), which forms an intramolecular complex with K + , as 
shown in Figure 1 ." The complex is stabilized by two G-quartets 
connected by a TGT loop at the center and two T 2 loops. 11,12 
This DNA aptamer binds thrombin with high-affinity and 
inhibits the thrombin-catalyzed fibrin clot formation. 1314 Circular 
dichroism and melting techniques were employed to investigate 
the interaction of monovalent and divalent cations with this 
aptamer. In the presence of Rb + , NH 4 + , Sr 2+ , or Ba 2+ , the 
oligonucleotide folds into stable intramolecular G-quadruplcxcs, 
similar to the one seen in the presence of K + . We have further 
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(10) Kane, C: Zhang. X., Ratliff. R.. Mo\zis. R.: Rich. A. Nature 1992. 
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122, 3240-3241. 
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Figure 1. Sequence of the thrombin aptainer and its schematic 



characterized the thermodynamics and hydration contributions 
for the formation of G-quadruplexes with K + and Sr 2+ . The 
Sr 2+ -aptamer complex unfolds with a higher transition tem- 
perature and lower endothermic heat, but its favorable formation 
(in terms of AG 0 ) is comparable to that of the K + -aptamcr 
complex. Furthermore, the hydration effects for the formation 
of these cation-aptamer complexes are explained in terms of 
two contributions: the release of electrostricted water from the 
cations and guanine 06 atomic groups and the immobilization 
of structural water by the G-quadruplex from folding a single 
strand. 

Materials and Methods 

Materials. The oligonucleotide d(G 2 T:G;TGTG 2 TjG2) was synthe- 
sized by the Core Synthetic Facility of llic F.pplev Research Institute 
at UNMC, HPLC purified, and desalted by column chromatography 
using G-10 columns. The concentration of oligomer solutions was 
determined at 260 nm and 80 °C using a molar extinction coefficient 
of 146 mlVT'cm-' (in strands). This value was calculated by extrapola- 
tion of the tabulated values of the dimers and monomer bases 15 at 25 
°C to high temperatures using procedures reported earlier."' Reagent 

formed in a buffer solution consisting of 10 mM Cs-Hcpcs at pH 7.5: 

Circular Dichroism (CD). The conformation of the cation-aptamer 
complexes was derived by simple inspection of their CD spectra. The 
CD spectra were obtained at several temperatures using an Aviv Model- 
202SF spectrometer (Lakewood, NJ) equipped with a peltier system 
for temperature control. Typically, a solution of oligonucleotide in the 
Cs + form was titrated with the appropriate cation solution, by stepwise 
addition of 3—5 pL aliquots of this solution until no further changes 
in the spectrum took place. Quartz cells with 1 cm or 0.5 mm path 
lengths were used to confirm that the conformation of complexes 
remains unchanged as a function of aptamer concentration, especially 
at the higher concentrations used in ultrasonic and volumetric experi- 

Temperature-Dependent UV Spectroscopy. Absorbance versus 
temperature profiles (melting curves) were measured for each complex 
at two wavelengths, 260 and 297 nm, with a thermoelectrically 
controlled Perkin-Elmer Lambda-10 spectrophotometer as a function 
of oligomer concentration. The temperature was scanned at a heating 
rate of 0.5 °C/min. These melting curves allow us to measure transition 
temperatures, 7" M , which are the midpoint temperatures of the order- 
disorder transition of the complexes, and van't Hoff enthalpies, A/An, 
from analysis of the shape of the melting curves. In this analysis, a 
two-state approximation is used as reported earlier." The formation of 
intramolecular complexes was assessed from the independency of 7" M 
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High Sensitivity Differential Scanning Calorimetry (DSC). A 
Mifl'&al (Northampton, MA) VP-DSC differential scanning calorimeter 
is used to measure the total heat required for the unfolding of the 
cation-aptamer complexes. Complete thermodynamic profiles can be 
obtained from a single differential scanning calorimetric experiment 
using the following relationships:" A/Y ca i(7") = /AC P d7", AS(T) = 
/(ACp/T) AT, and AG(7) = fAC v dT - Tf(ACp/T) dT, where AC P is 
the anomalous heat capacity during the transition. The assumption is 
made that no heat capacity effects take place between the initial and 
final slates. In addition, van't Hoff enthalpies, A// v „, can be evaluated 
from the half-width of the AC,, versus T (or AC P versus 1/7) 
experimental curs es using the two-state approximation. The comparison 
of model-independent enthalpies A/Vcai with AH v ii enthalpies allows 
us to examine if the transition takes place in a cooperative two-state 
fashion and whether intermediate states andVor aggregate states are 

Isothermal Titration Calorimetry. A Microcal (Northampton, MA) 
Omega instrument was used to measure the heat evolved during 
complex formation as a function of the amount of titrant from the 
mixing of cation and aptamer solutions. Typically, 5 pL aliquots of 
aptamer solution (210//M in strands) are used to titrate the appropriate 
cation solution with a concentration of 50 pM (monovalents) or 10 
pM (divalents). In the reverse titrations, 5- \0pL aliquots of the cation 
solutions were used to titrate a 36 pM aptamer solution. These 
experiments were geared to measure only binding heats, AH nc , from 
integrating and averaging the peaks of the initial injections, because 
the solute concentrations used in the reacting cell were greater than 
the inverse of the binding constant The instrument was calibrated with 
a known electrical pulse, and its overall sensitivity is ~1 peal 

Measurement of Hydration Parameters. The density, p, of all 
solutions was measured with an Anton Paar DMA-602 densimeter 
(Graz, Austria) with two microcells. The molar volume change, AI', 
accompanying the interaction of a cation with the aptamer is calculated 
with the equation AV — M C ompi«/pcon, r ie> _ (M alim / p atia , + M^a^J 
p vm ,)l(M a ,iJp a ^)C, where p, and M, are the density and mass of 
the solution for eaeh i it ting specie pect ind C i th 

were prepared by weight using a Mettler microbalance. 

Ultrasonic velocity measurements were made with a home-built 
instrument in the frequency range 7-8 MHz." 30 The molar increment 
of ultrasonic velocity, A, is defined by the relationship A = (V — £/„)/ 
(l/„C), where U and l/„ are the ultrasonic velocities of the solution and 
solvent, respectively. The changes in the molar increment of ultrasonic 
velocity, AA, are calculated with the relationship AA = /fc^ic* - ^c=»ot>- 
The change in the molar adiabatic compressibility, AK S , is determined 
from AA and A V using the relationship A/vs = 2/j„(AV- AA), where 
fi„ is the adiabatic compressibility coefficient of the solvent. The density 
and ultrasonic velocity measurements were done at 20 °C (±0.001 °C). 
Special precautions were taken in these experiments to prevent sample 

Hydration Contributions to the Volume and Compressibility 
Effects. The molar volume, <PK and molar adiabatic compressibility, 
<P/vs, for a solute in a dilute solution are based on the following 
relationships: 21 d>F = K m + AV b and <PK S = K m + AAT h . The V m term 
is the molecular volume of the solute, while K m is the molecular 
compressibility of this volume inaccessible to the surrounding solvent. 
The AK h and AK h terms are the hydration contributions. These 
contributions correspond to the changes in volume, and compressibility, 
of water around the solute molecule resulting from solute-water 
interactions and the void volume, or compressibility of this volume, 
between the solute molecule and of the surrounding water, respectively. 
The values of V m and K m for oligonucleotides, without significant inner 
cavities, are considered to remain constant during the course of a 
titration with cations. 22 The /C m term is actually small relative to the 
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Figure 2. Circular dichroism spectra of d(GGTTGGTGTGGTTGG) 
with different cations in 10 mM Cs-Hepcs buffer at pH 7.5 and al the 
following temperatures: 20 °C (a) and 2 °C (b). The concentrations 
used are as follows: 76 ftM (oligonucleotide), 50 mM (monovalent 
cations), and 10 mM (divalent cations). The K + curves are included in 
both panels for proper comparisons. 

hydration term; 23 therefore, the changes in OK and <t>Ks are simply a 
reflection of their hydration changes, that is, & V= AAK h and A>»s = 

Results and Discussion 

Circular Dichroism Spectra and Conformation of Cation- 
Aptamer Complexes. CD spectroscopy has proven to be a 
sensitive technique for determining the conformation of telomere 
model sequences. In this work, CD is used to determine the 
overall conformation of each cation— aptamer complex and its 
spectral characteristics at several temperatures. This was done 
in titration experiments of the oligomer in the Cs + form with 
each of the following cations: Li + , Na + , K + , Rb + , Cs + , NH 4 + , 
Mg 2+ , Ba 2+ , Ca 2+ , and Sr 2 " 1 ". The CD spectra of the oligonu- 
cleotide saturated with each cation are shown at 20 °C and 2 
°C in Figure 2a,b, respectively. The particular temperature for 
a given cation— aptamer complex corresponds to a temperature 
at which the equilibrium is shifted toward complex formation, 
as seen in the UV unfolding curves of the following section. 
The K + and Cs + curves are included in both plots for 
comparative purposes. Instead of the nearly conservative 
spectrum of the B-form with a crossover at 265 nm, all 
complexes have a nonconservativc spectrum with a positive 
band centered at wavelengths ~290— 300 nm, which character- 
izes the formation of antiparallel G-quartets. 23 The overall shape 

(22) Buckin, V. A.; Kankiya, B. 1.; Sarvazyan, A. P.; Uedaira, H. Nucleic 
Acids Res. 1989, 17, 41 89-4203. Buckin, V. A.; Kankiya, B. 1.; Rentzeperis, 
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Figure 3. Optical unfolding of cation-aptamcr complexes, (a) Typical 
UV melting curves in the presence of Cs + , NH 4 + , Rb + , K + , Ba 2+ , and 
Sr 2+ , solution conditions as indicated in Figure 2. (b) Plots of the 7m 
dependence on strand concentration for each of the above cations. 

of the spectra is similar, but the magnitude and location of the 
positive and negative bands varies with the nature of the cation. 
Figure 2 reveals two types of CD spectra with distinctive 
characteristics of the positive band at longer wavelengths. The 
first type with Sr 2+ and Ba 2+ shows a large band of equal 
magnitude centered at 300 nm, and the overall spectra for these 
two cations are almost superimposable. The positive band in 
the second type is centered at 292 nm, and its magnitude varies 
in the following order: K+ > NH 4 + > Rb + > Cs + > Na + > 
Li + > Ca 2 > Mg 2+ . Thus, their CD spectra have a similar shape, 
and the magnitude of the positive band at 292 nm changes 
gradually. The overlay of the spectra shows an isoelliptic point 
at 280 nm. which indicates the formation of a similar type of 
complex. At 20 °C, the magnitude of the positive band of the 
Cs + -aptamer complex is only half the magnitude of the one at 
2 °C, while for the K + complex the magnitude of this band 
remains the same. This shows that the Cs + -aptamer complex 
has unfolded to some extent. The overall spectral differences 
between the complexes with these monovalent and divalent ions 
may be attributed to differences in the coordination number of 
the metal ion, partial formation of complexes with some cations 
and/or overall tightness of each complex. Electrostatic contribu- 
tions may play a role in how tightly each complex is formed, 
which in turn depends on both the cationic charge and ionic 

Unfolding of Complexes. UV melting curves at 297 nm of 
the aptamer complexes in cation solutions with similar ionic 
strength are shown in Figure 3a. The aptamer complexes with 
K + , Rb + , NH4 + , Ba 2+ , and Sr 2 " 1 " unfold in monophasic transitions 
with large hypochromicities of 40-50%. The T M values for the 
helix-coil transition of these complexes follow the order Sr 2+ 
(63. 1 °C) > Ba 2+ > K+ (48.7 °C) » Rb + ~ NH 4 + (29 °C). On 
the other hand, the Cs + -aptamer complex melted with a T M of 
1 5 °C and a much smaller hypochomicity of ~23% in this short 
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temperature range, as shown in Figure 3a. It should be noted 
that the transition of the Cs + complex is ~70% completed at 
20 °C, in good agreement with the changes in ellipticity at these 
temperatures. The transitions with Na + , Mg 2+ , or Ca 2+ (data 
not shown) were similar to the Cs + transition, while a Li + 
transition was not observed. The UV melting curves at 260 nm 
(data not shown) yielded 7Vs in good agreement with the ones 
obtained at 297 nm. However, the changes in absorbance with 
temperature are different; for instance, the K + melting curve 
yielded a 6% hypochromicity, while the Sr 2+ curve had a 6% 
hyperchromicity. The melting curves at the two wavelengths 
of measurements are different for a given complex, because their 
ultraviolet spectra change differently with temperature. The main 
observation in these UV melts is that the 7" M value for a given 
complex remains constant over a 10-fold increase in strand 
concentration, which confirms their intramolecular formation, 
as shown in Figure 3b. Model-dependent AH vU enthalpies, 
analyzed from the shape of the melting curves, are presented 
in the first column of Table 1. We obtained an average A// vH 
of 35 ± 5 kcal/mol for the unfolding of the cation complexes 
with strong CD bands, while the Cs + -aptamer complex yielded 
a A/Vvh of 24 ± 5 kcal/mol. This 35 kcal/mol value compares 
well with the heat of 29-40 kcal/mol for the UV unfolding of 
one G-quartet stack of three different telomere model se- 
quences 8 - 23 and is significantly larger than the enthalpy value 
of 16 kcal/mol enthalpy for the unfolding of two GG/CC base- 
pair stacks, calculated from nearest neighbor parameters. 24 

The similarities in the CD spectral characteristics and UV 
melting behavior of the complexes with higher T M 's indicate 
that Sr 2+ , Ba 2+ , K + , Rb + , and NH 4 + induce the aptamers to 
fold into relative stable intramolecular G-quadruplexes. The 
coordination of these cations between two G-quartets correlates 
with the actual size of their ionic radii: K + (1.33 A), Rb + (1.47 
A), NH 4 + (1.43 A), Sr 2+ (1.12 or 1.27 A for a coordination 
number of 8), and Ba 2+ (1.34 A). 35 This correlation indicates 
that an ionic radius in the range 1 .3- 1 .5 A is the optimum size 
for a cation to be sandwiched in the complex; other cations are 
either too small or too big. 26 

We have further investigated the unfolding of the stable 
cation-aptamer complexes using calorimetry. The correspond- 
ing DSC melting profiles are shown in Figure 4. These curves 
indicate that all cation-aptamer complexes unfold essentially 
in monophasic transitions with the exception of the complexes 
with Sr 2+ and Ba 2+ that showed an additional small peak at 

(24) Breslauer, K. J.; Frank, R.; Blocker, H.; Marky, L. A. Prac. Nail. 
Acad. Sci. U.S.A. 1986, S3, 3746-3750. SantaLucia. J, Proc. Nail. Acad 
Sci. U.S.A. 1998, 95. 1460-1465. 

(25) CRC Handbook of Chemistry and Physics: Weast, R., Ed.: CRC 
Press: Florida, 1977; F-213. 

(26) Hardin, C. C; Watson. T.; Corregan, M.; Bailey, C. Biochemistry 
1992, 31, 833-841. 




of the cation-aptamer complexes. We used the following cations: Cs + , 
NH/, Rb + , K + , Ba 2+ , and Sr' + under similar solution conditions as 
indicated in Figure 2. 

lower temperatures. The T M values obtained from the peaks of 
these curves follow the same trend as that observed in the UV 
melts: Sr 2 * > Ba 2+ > K + » Rb + ~ NH 4 + » Cs + . These T M 
values are also included in the plots of Figure 3b and further 
confirm their intramolecular formation. The unfolding of 
complexes yielded endothermic heats in the following order: 
K + (25.6 kcal/mol) > Rb + ~ NH 4 + > Ba 2+ ~ Sr 2+ (17.3 kcal/ 
mol) »■ Cs + (6.5 kcal/mol), as shown in Table 1. The 
calorimctric unfolding heat for the K + -aptamer complex is in 
good agreement with the value of 22 kcal/mol reported 
previously." Integration of the small peaks in the DSC curves 
of the Ba 2+ — aptamer and Sr 2+ -aptamer complexes yielded 
heats of 1 5 and 0.6 kcal/mol, respectively; these heals are small 
and may well correspond to unstacking contributions of the TGT 
loops. Additional peaks are nol observed in the K + , Rb + , and 
NH 4 + thermograms, because these complexes melt at lower 
temperatures and the unstacking contributions of the TGT loops 
may be already included in their main transitions. A// v h values 
obtained from analysis of the shape of the DSC curves are 
shown in the third column of Table 1 . The average AMh for 
these six cations is 33 ± 3 kcal/mol, in excellent agreement 
with the values obtained in the optical melts. However, the A/7 vH 
values are much higher than the model-independent heats 
(A// cu i), as shown in Table 1. This result suggests that the 
unfolding of each complex is highly cooperative and consistent 
with the small dimensions of a cation complex with two 
G-quartets. An alternate and the least likely explanation for the 
observed A/V vH /A/y ca i ratios of 1.4 (K.+) and 2.0 (Sr 2 ^) is the 
formation of aggregate states of two complex molecules, which 
may be consistent with the aggregation tendency of guanine 
residues. The Cs + -aptamer complex also unfolds with a high 
AZ/vh/A/Vcji ratio of 4.5, indicating that the initial state of this 
complex at low temperatures is a higher aggregated state. 

Isothermal Binding Heats for the Interaction of Cation. 
Isothermal titration calorimetry is used to measure the heats of 
complex formation at 10 °C and 20 °C. In general, the binding 
of a cation to the aptamer in the Cs + form is accompanied by 
exothermic heats. The enthalpies at 20 °C range from -24.5 
kcal/mol (K + ) to -16.7 kcal/mol (Sr 2+ ), while much lower 
exothermic heats are obtained at 10 °C, as shown in Table 1. 
Their magnitude is too large to invoke solely electrostatic 
interactions, which are normally considered negligible; 27 there- 
fore, other endothermic and exothermic contributions need to 
be taken into account. These endothermic contributions include 

(27) Krakauer, H. Biopolymers 1972, //, 811-828. Krakauer, H. 
Biochemistry 1974, 13, 2579-2589. Ross, P. D.; Shapiro, J. T. Biopolymers 
1974, 26, 415-416. 
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Figure 5. Ultrasonic titration curves of d(GGTTGGTGTGGTTGG) 
with K 4 (a) and Sr 2 " 1 " (b). All experiments done in 10 mM Cs-Hepes 
buffer at pH 7.5 and 20 °C. Please note that the scales of the r-axes 
are different. 

disruption of stacking interactions of the Cs + -aptamer complex, 
removal of electrostricled water molecules from the cation, and 
the immobilization of structural water by the complex. The 
exothermic contributions include base stacking interactions in 
the formation of G-quartcts upon cation binding and the removal 
of structural water from the existent fraction of random coils at 
the particular measuring temperature. The lower heats obtained 
in the titrations at 10 °C indicate that a higher fraction of Cs+- 
aptamer complex forms at this temperature; this is consistent 
with its unfolding transition that takes place at lower temper- 
atures. At the same time, a higher fraction of cation -aptamer 
complex forms at 10 °C, as in the case of the Rb + and Nll 4 + 
complexes. In the titration experiments at 20 C C, the formation 
of the K + -aptamer, Ba 2+ — aptamer, and Sr 2 " 1 "— aptamer com- 
plexes is almost ideal, because these complexes formed 
completely and the Cs + -aptamer complex is ~70% disrupted. 
The disruption of the remaining 30% of the Cs + complex 
amounts to an endothermic contribution of ~2 kcal/mol. Overall, 
good agreement is obtained between the isothermal heats at 20 
°C and the unfolding heats, as shown in Table 1, indicating 
negligible heat capacity effects. Furthermore, the titration 
experiments show that K + or Sr 2+ binding to the aptamer, or 
vice versa, yields similar exothermic heats. This indicates that 
these processes are in truly physical and chemical equilibrium 
and that aggregation of complexes can be ruled out. The average 
heat of these titrations yielded enthalpies of -25.7 kcal/mol 
and -16.8 kcal/mol for the K + and the Sr 2 * complexes, 
respectively, as shown in Table 1 . Their large difference of —8.9 
kcal/mol (8.3 kcal/mol if we use the calorimetric unfolding 
heats) suggests that FC + and Sr 2+ have different hydration 
contributions. These contributions may arise from differences 
in both their hydration states 2829 and the actual release of 
electrostricted water upon binding to the aptamer to form the 

Hydration Parameters. We have used density and ultrasonic 
techniques to determine the changes in the molar volume and 
molar adiabatic compressibility for the folding of complexes. 
The change of the concentration increment of ultrasonic velocity, 
A/), of a Cs + -aptamer solution is measured during the course 
of a titration with K + or Sr 2+ . The resulting curves are shown 
in Figure 5. These acoustic titration curves reveal that an 
increase in cation concentration is accompanied by a decrease 
in the increment of ultrasound velocity. The curves show an 

(28) Millero. F. J.; Ward, G, K.; Chetirkin, P. V. J Acousl. Soc. Am. 
1977, 61, 1492-1498. 

(29) Lo Surdo, A.; Millero, F. J. J. Phys. Chem. 1980, 84, 710-715. 
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Table 2. Complete Thermodynamic Profiles for the Formation of 

G-Quaduplexes at 20 °C° 

^ ^ 

cation T M b AC' A/4/ TAS= A//itc' M /J 10 4c 



K + 49.1 -2.3 -25.6 -23.3 -24.5 (-26.8) -15.9 98.5 
Sr ,+ 66.9 - 2.4 -17.3 -14.9 -16.7 (-16.9) -15.3 1 08.4 

° All values determined in 10 mM Cs-Hepes buffer containing 50 
mM KCI or 10 mM SrCb, at pH 7.5. The T M (±0.5 °C). AC 0 (±5%), 
A/4.1 (±5%), and T&S (±7%) were determined in DSC experiments. 
The A//itc (±4%) values were determined in ITC experiments, while 
hV (±15%) and A<t>K s (±10%) were determined in density and 
ultrasonic measurements. The ITC enthalpy values in parentheses 
correspond to reverse titrations. * Units of °C. c Units of kcal/mol. 
J Units of cmVmol. ''Units of cm 3 /mobbar. 

initial sharp decrease of AA, which corresponds to complex 
formation, followed by a gradual leveling off. In the K + curve, 
the initial decrease takes place up to a [K + ]/[aptamer] ratio of 
3, while in the Sr 2+ curve the decrease occurs up to a [Sr 2 " 1 "]/ 
[aptamer] ratio of 1. This indicates the formation of tighter 
complexes with Sr 2+ because of its higher charge. After these 
ratios, the overall changes in AA arc small for K + and very 
large for Sr 2+ and may correspond to the hydration effects for 
the interaction of cations with the surface of the cation— aptamer 
complexes. 22 - 30 

The A/1 values obtained at [cation]/[aptamer] ratios of 1 (Sr 2 " 1 ") 
and 3 (K + ), together with parallel density measurements, were 
used to characterize the hydration parameters that take place in 
the formation of the cation-aptamer complexes at 20 °C. The 
volume and compressibility effects for the formation of G- 
quadruplexes with K+ and Sr 2+ are shown in the last two 
columns of Table 2. We obtained negative values for the volume 
change, indicating a decrease in the total volume of the system. 
This shows that complex formation with K + and Sr 2+ is 
accompanied by an uptake of water molecules, because the 
molar volume of water around a solute is considered lower than 
that of bulk water." On the other hand, the changes in the molar 
compressibility parameter are negative, which indicate the 
opposite, a release of water molecules. This apparent discrep- 
ancy on the opposite signs of these two parameters invokes the 
participation of two types of water molecules, electrostricted 
(around charged atomic groups) and hydrophobic or structural 
(around polar and nonpolar groups), on the formation of cation- 
aptamer complexes. Therefore, the overall hydration effects 
accompanying the binding of each cation correspond to a partial 
conversion of electrostricted water to hydrophobic water. 
However, a closer look on the physical events that lake place 
on complex formation indicates that these hydration parameters 
are the result of mainly two contributions: the uptake of water 
due to the conformational reorganization of forming a folded 
G-quadruplex from the random coil state (or some other form 
in Cs + ) and the cation dehydration upon binding tightly to the 
quadruplex core. The hydration contribution due to the atmo- 
spheric binding of counterions is considered negligible at these 
particular [cation]/[aptamer ratios]. 22 In the particular case of 
Sr 2+ , its hydration contribution can be estimated from similar 
parameters of its binding to EDTA where the cation loses —80% 
of its hydrating water. 32 The volume and compressibility effects 
for the formation of a Sr 2+ — EDTA complex are 40.5 cm 3 /mol 
and 116 x 10" 4 cm 3 /mol-bar, respectively, 32 and correspond 

(30) Kankia, B. 1. Biophvs. Chem. 2000, 84. 227-237. Kankia, B. I. 
Nucleic Acids Res. 2000, 28, 91 1-916. 

(31) Millero, F. J. In Water and Aqueous Solutions; Horn, R. A., Ed.; 
Wiley-Imerscience: New York, 1972; pp 519-595. Marky, L. A.; Kupke, 
D. W.; Kankia. B. I. Methods Enzvmol. 2001, 340. 149-165. 

(32) Kankia. B. I.; Funck, T.; Uedaira, H.; Buckin, V. A. J. Solution 
Chem. 1997, 26, 877-888. 
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to a release of electrostricted water, because its A V/AKs ratio 
is equal to 0.35 x 1 0 4 . 29 - 33 ' 34 To estimate the hydration 
contribution for the folding of the oligonucleotide into the Sr 2 *— 
aptamer complex, we have adjusted the above parameters to 
take into account the coordination number of Sr 2 * in this 
complex. This estimation yields a volume effect of -75 cm 3 / 
mol and a compressibility effect of —62 x 10~ 4 cm 3 /mo!-bar; 
the negative signs of these parameters show an overall uptake 
of water molecules. The resulting empirical AV/AKs ratio 34 of 
1.2 x 10 4 bar suggests an uptake of hydrophobic water. This 
water may well be immobilized on the surface of the complex 
and around the constrained loops. 

Thermodynamic Profiles for the Formation of G-quadru- 
plexes with K + and Sr 2+ . Complete thermodynamic profiles 
for the formation of the K + -aptamer and Sr 2+ -aptamer 
complexes at a comparable ionic strength and 20 °C are 
presented in Table 2. The favorable AG 0 terms are similar in 
magnitude and result from the characteristic compensation of a 
favorable enthalpy term with an unfavorable entropy term. The 
favorable enthalpy term is the result of an exothermic heat from 
the stacking of two G-quartets that overrides the endothermic 
contribution of the release of electrostricted water from the 
cation. The endothermic contributions of disrupting base-base 
stacking interactions of the single strands are considered 
negligible, because the unfolding heats are similar in magnitude 
to the isothermal heats for both cation-aptamer complexes. The 
unfavorable entropy term results from contributions of the 
ordering of both a single strand and cation upon folding into a 
G-quadruplex and the overall immobilization of hydrophobic 
water by the complex. However, the magnitude of the enthalpy- 
entropy compensation is larger for the K + — aptamer complex; 
the enthalpy term is more favorable (by -8.9 kcal/mol) despite 
its lower 7m (by ~18 °C). This enthalpy difference may be 
explained in terms of several contributions: the hydration state 
of the free cations, yielding a differential release of water upon 
binding to the oligonucleotide; differential hydration of the 
cation-aptamer complexes; and different base-stacking contri- 
butions of the complexes. 

To estimate these hydration contributions, we need to consider 
the dehydration effects of cations and O atoms upon coordina- 
tion of the cation to eight 06 atoms of guanine and the hydration 
effects of quadruplex formation. The dehydration effects of each 
cation and O atoms are estimated using the molar compress- 
ibility values of 28 x 10" 4 cm 3 /mol-bar (K+), 28 ' 29 75 x 10" 4 
cm 3 /mol-bar (Sr 2 " 1 "), 29 and 10 x I0~ 4 cm 3 /mol-bar (O), 33 and 
the change in adiabatic compressibility of 8.1 x 10~" cmVmol- 
bar for the transfer of water from the hydration shell of the ion 
to the bulk state. 33 These estimations yield overall dehydration 
effects of ~3 electrostricted water molecules for K + , ~9 for 
Sr 2+ , and 1 water molecule per O atom. Because the hydration 
contribution of the single strand (in the Cs + form) is similar 
for each reaction, Sr 2+ would yield a higher release of six 
electrostricted water molecules. The hydration contribution for 
the rearrangement of a single-strand into a G-quadruplex is 
estimated from the experimental compressibility terms of Table 
2. These compressibility values were corrected by the compress- 
ibility of the dehydration of cations and oxygen groups of 



(33) Millero, F. J.; Ward, G. K.; Lepple. F. K.; Hoff. E. V. J. Phys. 
Chem. 1974, 78, 1636-1543. 

(34) Kankia, B. 1.; Marky, L.k.J Phys. Chem. 1999. 103, 8759-8767, 

(35) Buckin, V. A.; Kankiya, B. I.; Kazaryan, R. L. Biophys. Chem. 1989, 
34, 211-223. 



guanine to yield -9.5 x 10" 4 cm 3 /mol-bar (K+ complex) and 
-46.6 x 10~ 4 cm 3 /mol-bar (Sr 2 * complex). The uptake of 
hydrophobic water by each complex is estimated by dividing 
these values by the compressibility of water when immobilized 
around polar and nonpolar groups, assumed to be equal to 
-3.2 x 10~ 4 cm 3 /mol-bar. 36 This exercise yields an im- 
mobilization of ~3 and ~15 hydrophobic water molecules 
around the K+ and Sr 2 " 1 " complexes, respectively, reflecting 
differences in the actual structure of complexes that resulted in 
different exposures of polar and nonpolar groups. 

In terms of enthalpy contributions and relative to the 
formation of the K + — aptamer complex, the differential dehydra- 
tion effect of Sr 2+ ions (6 electrostricted waters) corresponds 
to an endothermic heal contribution of ~1.8 kcal; 37 therefore, 
the remaining differential heat of 7.1 kcal/mol is due to 
differences in the stacking of G-quartets and/or endothermic 
contributions of the differential immobilization of 12 hydro- 
phobic waters on the surface of the Sr 2+ complex. We speculate 
that, depending on Ihe extent of stacking interactions, the 
additional uptake of hydrophobic waters by the Sr 2 " 1 " complex 
contributes to an endothermic heat ranging from 0 kcal/mol to 
0.6 kcal/mol. 

Concluding Remarks 

We initially used CD spectroscopy and UV melting tech- 
niques to determine the conformation and unfolding thermo- 
dynamics of G-quadruplexes with a variety of monovalent and 
divalent metal ions. The CD spectra and melting profiles as a 
function of strand concentration showed that K + , Rb + , NH4 4 ", 
Sr 2+ , and Ba 2+ are able to form stable intramolecular cation- 
aptamer complexes at temperatures above 25 °C. The cations 
Li + , Na + , Cs + , Mg 2+ , and Ca 2+ form weaker complexes at very 
low temperatures. These results have been rationalized in terms 
of their ionic radii; cations with an ionic radius in the range 
1.3-1.5 A fit well within the two G-quartets of the complex, 
while the other cations cannot. DSC and 1TC techniques were 
used to characterize the unfolding and folding of cation-aptamer 
complexes with K + , Rb + , NH 4 + , Sr 2+ , and Ba 2+ . The heat for 
the unfolding of each complex is in excellent agreement with 
the folding heat of isothermal titration experiments, indicating 
negligible contributions from base stacking interactions of the 
single strands. We have further characterized the hydration 
contributions for the formation of G-quadruplexes with K + and 
Sr 2+ using density and acoustical techniques. The overall 
thermodynamics parameters showed that the Sr 2+ -aptamer 
complex unfolds with a higher transition temperature and lower 
endothermic heat, but its favorable formation (in terms of AG°) 
is comparable to thai of the K + — aptamer complex. The overall 
hydration effects of complex formation yielded two main 
contributions, dehydration of both cations and guanine 06 
atomic groups and the water uptake upon folding of a single 
strand into a G-quadruplex structure. 
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ABSTRACT 

Aptamers are nucleic acid ligands which are isolated from com- 

highly complex and sophisticated molecular recognition properties 
and are capable of binding tightly and specifically to targets ranging 
from small molecules to complex multimeric structures. Besides 
their promising application as molecular sensors, many aptamers 
targeted against proteins are also able to interfere with the proteins' 
biological function. Recently developed techniques facilitate the 



The synthesis and functional screening of large libraries 
of compounds is commonly known as "combinatorial 
chemistry". In recent years, a number of methods have 
been developed to isolate molecules with desired func- 
tions from libraries of small organic molecules, nucleic 
acids, proteins, peptides, antibodies or single-chain an- 
tibody fragments (scFv), or other polymers (for compre- 
hensive reviews on these topics, see ref 1). The identifi- 
cation of active compounds from composite mixtures 
proceeds in iterative cycles of selection and amplification. 
This not only permits screening of libraries with high 
complexity but also facilitates further increases in the 
library diversity by mutating the pool during amplification 
steps. These types of selection consequently require 
encoding strategies that allow unambiguous resolution of 
the composition and sequence of any active molecules, 
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information required for their subsequent amplification 
or optimization. With peptide, protein, or antibody frag- 
ment libraries, this is most easily and logically achieved 
by approaches such as displaying peptides, proteins, or 
antibody fragments on phage and cell surfaces, which 
convert the amino acid sequence into genetic information 
that can be amplified in vivo. Alternatively, two encoding 
strategies have been developed recently that facilitate 
entirely in vitro synthesis and selection of proteins: 
mRNA-protein fusions 2 and ribosome display. 3 

Nucleic acids are particularly suited for combinatorial 
selection approaches because they can fold into well- 
defined secondary, tertiary, and quaternary structures and 
they are easily amplified by the polymerase chain reaction 
(PCR) or in vitro transcription. By their very nature, nucleic 
acids provide the blueprint for their own replication and, 
by that same token, for their improvement and optimiza- 
tion. Consequently, the sequence space that can be 
successfully screened in parallel is the most extensive 
among all the combinatorial chemistry techniques: far 
more than 10' 5 different molecules can be screened 
simultaneously for a particular function. In vitro selection 
of combinatorial oligonucleotide libraries can lead to the 
isolation of nucleic acids such as RNA, ssDNA, modified 
RNA, or modified ssDNA that bind a wide variety of targets 
with high specificity and affinity 4 - 5 (for a recent review, 
see ref 6). But it is another feature that makes them 
enormously flexible and powerful: possessing highly 
selective molecular recognition properties, nucleic acids 
can target key molecules inside or outside a diseased cell, 
or may be used like antibodies for diagnostic purposes. 
Therefore, we have chosen this unique class of "dual 
mode" molecules, called aptamers, to form the basis of a 
simple yet highly versatile molecular toolbox. 

Isolation and Application of Aptamers Binding 
Small Molecules 

Aptamer structures have been comprehensively reviewed 
and discussed in a number of commentaries and reviews. 7 ^ 9 
Comparisons of various ligand-binding aptamer structures 
with proteins that bind related molecules have shown that 
nucleic acids and proteins use strikingly similar strategies 
for the formation of well-defined binding pockets. 10 
Structural studies performed with aptamer/ligand com- 
plexes have revealed insights into principles of folding, 
shape, and surfaces, as well as the molecular diversity 
associated with nucleic acid architecture, molecular rec- 
ognition, and adaptive binding." 

Our first steps into combinatorial nucleic acid selection 
led to the isolation of aptamers which bind to small 
molecules such as amino acids and biological cofactors 12 " 16 
(for a recent review, see ref 17; the first aptamer selected 
for a biological cofactor was an ATP-binding RNA se- 
quence, 18 the solution structure of which was also eluci- 
dated by NMR spectroscopy 19 - 21 ). Like others in this field, 
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FIGURE 1. Structures of some aptamers from our group. (A) Secondary structure proposed previously for the citrulline- and arginine-specific 
aptamers, based on covariations of selected sequences and on the chemical footprinting pattern obtained in the presence of the cognate 
amino acid, as well as in damage selection experiments. The bases which were conserved among different isolates are shown in uppercase, 
while variant bases are in lowercase. The three nucleotides critical for amino acid specificity (13, 29, and 31) are indicated by circles (for 
citrulline) and boxes (for arginine). The tertiary structure is shown for the citrulline-binding aptamer. 23 (B) Secondary structure of the FMN 
aptamer and tertiary structure of the FMN-binding region in this aptamer as determined by NMR spectroscopy. 30 (C) Secondary structure of 
the neomycin B aptamer 1527 and tertiary structure of this aptamer as determined by NMR spectroscopy. 29 



we wanted to investigate certain principles of molecu- 
larevolution and recognition of specific ligand-binding 
RNA molecules. For example, an RNA aptamer specifically 
recognizing the amino acid L-arginine was "evolved" from 
an in vitro-selected L-citrulline-binding parent sequence.' 2 
The two aptamers differ by only three mutations, yet each 
exhibits very high specificity for its cognate ligand. The 
three-dimensional fold defined by chemical probing 
analysis and NMR spectroscopy showed how the three 
mutations within the amino acid binding site of these 
RNAs determine which of the two amino acids is specif- 
ically recognized (Figure 1A). 22 - 23 

The structures of the citrulline and arginine aptamers, 
together with those of several other arginine aptamers for 
which structural data exist, were used as an experimental 
starting point to analyze a hypothesis that the genetic code 
might have evolved via mechanisms of molecular recogni- 
tion between amino acids and short RNA motifs. 24 Statisti- 
cal evidence suggests that arginine aptamers, together 
with several other arginine aptamers for which structural 
data exist, appear to have a significant bias in favor of 
arginine codons at their binding sites. 25 These data sup- 
port the hypothesis that amino acids can specifically 
interact with RNA sequences that contain their cognate 
codons. In the meantime, similar evidence has also been 



obtained for other aptamer/amino acid complexes (M. 
Yarus, personal communication). 

The degree of molecular discrimination achieved by 
aptamer/small molecule complexes can match or even 
surpass that of antibodies. An aptamer specific for theo- 
phyllin distinguishes it from caffeine, which differs by only 
one methyl group, at least 10-fold more efficiently than 
an antibody isolated for the same purpose. 26 An aptamer 
selected for specific binding to L-arginine shows a 12 000- 
fold reduced affinity to the D-arginine enantiorner. H 

Aptamers for small molecules, 17 such as neomycin 15 - 27 
and FMN, 13 have been used in surface plasmon resonance 
technology to generate target-specific biosensors. 28 The 
three-dimensional structures of the FMN and neomycin 
B aptamers 29 have also been solved by Patel and col- 
leagues 30 (Figure 1B,C). This and other analyses 31 - 32 have 
revealed insights into the mode and dynamics of molec- 
ular recognition of a dimethylisoalloxazine moiety by an 
RNA aptamer. 

One of the remarkable characteristics of in vitro- 
selected RNA aptamers is that ligand binding is always 
accompanied by significant structural changes in the 
binding RNA molecule." Ligands seem to become an 
integral part of the RNA aptamer structure once they are 
bound. 8 - 33 This property of aptamers might have inspired 
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acetylcholine receptor 2.0 RNA 70 

L-Selectin 3.0 RNA 71 

basic fibroblast growth factor 0.35 RNA 72 
(bFGF) 

platelet-derived growth factor 0. 1 ssDNA 73 
(PDGF) 

keratinocyte growth factor (KGF) 0.0003 2'-modified 43 
RNA 

vascular endothelial growth factor 0.14 2'-modified 44 

(VEGF) RNA 

interferon-y (lFN-y) 6.8 2'-modified 74 
RNA 

cellular prion protein (PrPO nd RNA 40 

anti-acetylcholine autoantibodies 60 2'-amino-RNA 42 

the idea of fusing aptamer sequences with known catalytic 
RNAs, incorporating the principle of allosteric regulation 
into ribozyme catalysis. None of the existing natural 
ribozymes were known to operate as allosteric enzymes 
in vitro or in vivo. Breaker and his colleagues 34 35 and Araki 
et al. 36 integrated sequences of the ATP, 18 theophylline, 26 
or FMN aptamers 13 into the hammerhead ribozyme (HHR) 
to rationally engineer allosteric HHRs, which carry out the 
phosphodiester cleavage— or inhibit it— only after the 
relevant ligands have been added to the cleavage buffer. 3435 
In the case of the FMN aptamer, modular rational design 
and in vitro selection techniques were combined to gene- 
rate precision molecular switches comprising ribozyme/ 
aptamer chimeras. 35 Intracellular ribozymes which target 
and inactivate certain mRNAs are currently under inves- 
tigation for their use to control the expression of proteins. 
Allosteric ribozymes which are activated or inhibited by 
membrane-permeable, nontoxic, low-molecular-weight 
molecules may provide extremely powerful tools for 
conditional gene expression. 37 It is now possible to directly 
select for aptameric regulatory RNA motifs that activate a 
"silenced" ribozyme 38 or that inhibit an active ribozyme 
(Piganeau, N.; Jenne, A.; Thuillier, V.; Famulok, M., 
manuscript submitted) in the presence of small organic 
molecules. A more direct but nevertheless efficient route 
to use aptamers inside cells for the control of protein 
expression was recently described. 39 Placing an aptamer 
specific for the organic dye Hoechst 33528 in the 5'- 
untranslated region (5'-UTR) of a reporter gene mRNA 
prevented its translation in the presence of the cognate 
ligand, whereas gene expression proceeded normally in 
its absence. 

Functional Aptamers for Proteins and Their 
Application in Biotechnology, Molecular 
Medicine, and Diagnostics 

The specificity of molecular recognition combined with 
the ease by which protein-binding aptamers can be 
isolated, engineered, evolved, and modified chemically— 
exclusively ex vivo— makes these molecules very attractive 
as tools in molecular medicine, biotechnology, and diag- 
nostics. Consequently, the vast majority of aptamers that 
have been isolated so far are for specific binding to protein 
targets. Table 1 summarizes some examples of aptamers 



that recognize proteins that are expressed on cell surfaces 
or are localized extracellularly. Among them are aptamers 
composed of ssDNA, RNA, or chemically modified nucleic 
acids, where a repertoire of chemically introduced func- 
tional groups increases oligonucleotide stability and func- 
tional group diversity. 

We have recently applied in vitro selection to isolate 
RNA aptamers that are directed against the Syrian golden 
hamster cellular prion protein PrP23-231 (PrP c ). A recom- 
binant PrP/glutathion-S-transferase (GST) fusion protein 
immobilized on glutathion agarose was used for the 
selection. 40 Sequence comparisons suggested that all 
aptamers isolated are likely to contain a three-layered 
G-quartet as a structural element critical for PrP recogni- 
tion. Mapping experiments with GST-PrP peptides re- 
vealed that the region of PrP c critical for aptamer binding 
spanned the N-terminal amino acids 23-52. Individual 
radiolabeled aptamers specifically recognized authentic 
prion protein in brain homogenates from various species, 
such as wild-type mice, hamster, and cattle, as demon- 
strated by supershifts obtained in the presence of PrP- 
specific antibodies, but no interaction was observed with 
brain homogenates from PrP knock-out mice. This study 
showed that aptamers are able to recognize their specific 
target among the hundreds of different proteins present 
in tissue homogenates. 

Nuclease-Resistant Functional Aptamers 

The PrP-binding aptamers probably possessed sufficient 
stability in crude brain homogenates due to the stable 
G-quartet scaffold protecting them from exonuclease 
degradation. Small protein-binding RNA aptamers, how- 
ever, usually do not contain stabilizing structural scaffolds 
of this kind. Therefore, for them to be widely applicable 
as potential therapeutics, diagnostics, or assay compo- 
nents, the capacity of aptamers to evade nuclease degra- 
dation has to be increased. A number of studies have 
established that functional oligonucleotides can be made 
to be not only strikingly small but also resistant to 
degradation in biological materials. 41 One possible way to 
circumvent the vulnerability of RNA to nuclease degrada- 
tion is indirect: in a first step, an aptamer that binds the 
enantiomer of the target is selected, then, in a second step, 
the enantiomer of the aptamer is synthesized (from 
L-phosphoramidites) as a nuclease-insensitive ligand of 
the natural target. This mirror-image approach has been 
applied to L-arginine, D-adenosine, and the peptide hor- 
mone vasopressin (for review, see refs 6 and 41). 

An alternative approach is the direct selection of an 
aptamer from libraries of modified RNAs. Modifications 
must be chosen that are compatible with nucleic acid rep- 
licating enzymes such as reverse transcriptase or DNA and 
RNA polymerases. The modifications most commonly 
used are those where the 2'-OH group of pyrimidines is 
substituted by a 2'-fluoro or 2'amino group. 2'-Amino- 
modified nuclease-resistant aptamers have been selected 
which bind to autoantibodies of patients affected by the 
muscular disease myasthenia gravis. Such aptamers inhibit 
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the binding of these autoantibodies to acetylcholine 
receptors on human cells, blocking the associated patho- 
genic consequences. 42 Similarly, 2'-fluoro-modified nu- 
clease-resistant aptamers directed against the human 
keratinocyte growth factor block its activity with a K, of 
34 pM. 43 

An aptamer with 2'-aniinopyrimidine modifications 
selected for binding to vascular permeability factor/ 
vascular endothelial growth factor (VPF/VEGF) was mini- 
mized to a modified 24-mer. The 2'-0H groups of defined 
purine residues were subsequently modified by 2'-meth- 
oxy groups in a damage selection experiment where 
variants of this aptamer chemically synthesized with a 
mixture of 2'-OH- and 2'-OCH 3 -purines were screened for 
enhanced binding to VPF/VEGF. 44 2'-Methoxy-substituted 
purine residues in this aptamer were identified by protec- 
tion from alkaline hydrolysis. Of the 13 purines in the 24- 
mer, nine could be substituted by 2'-methoxy purine, 
while the other four could not be changed without 
significant loss of binding affinity. The end result was a 
modified aptamer which bound to the target protein with 
a Kd of 0.14 nM and specifically blocked the binding of 
l23 I-labeled VPF/VEGF to cell surface receptors expressed 
on human umbilical vein endothelial cells. 

These and many other examples show that aptamers 
can routinely be obtained against almost any desired 
target. Most of the targets summarized in Table 1 are 
either located on the cell surface or otherwise easily 
accessible to a nucleic acid aptamer. Because most apta- 
mers are also capable of very specifically modulating the 
biological function of their target, these molecules are 
potentially excellent candidates for drugs or drug leads. 

Functional Aptamers in Vivo 

Recently, our interest turned to using aptamers for another 
fascinating purpose. As RNA molecules, aptamers can be 
synthesized directly by the cell's own transcription ma- 
chinery. By being expressed within the cell, aptamers can 
be used to target a certain protein in its natural environ- 
ment. Due to their high affinities and specificities, such 
intracellular aptamers (for which the term "intramers" was 
coined 45 ) may provide excellent tools to specifically inhibit 
signal transduction, cell growth, transcription, translation, 
or other intracellular processes or to study RNA-protein 
interactions in vivo. 

Intramers in Procaryotes and in the Nucleus 

Several studies already existed where RNA aptamers 
isolated in vitro were expressed in vivo to study their 
biological function within cells. In most cases the question 
was whether aptamers are capable of functionally replac- 
ing a natural RNA sequence in vivo. Among those tested 
were anti-HIV-1 Rev aptamers, which were inserted into 
the full-length Rev-responsive element (RRE) in place of 
the Rev-binding element (RBE). They were found to be 
functionally equivalent to the wild-type RBE in their ability 
to mediate Rev function in vivo. 46 Our laboratory took a 
different initial approach to investigate in vivo-expressed 
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aptamers in procaryotes. We had selected a series of 
aptamers that bind the special elongation factor SelB 47 ' 48 
(for a commentary, see ref 49) In Escherichia coli, SelB is 
required for the co-translational incorporation of the 
unusual amino acid selenocysteine into proteins such as 
the formiate dehydrogenases. To do this, SelB binds 
simultaneously to selenocysteyl-tRNA 5 ** and to an RNA 
hairpin structure located directly 3' of the selenocysteine 
opal (UGA) codon in the mRNA of formiate dehydroge- 
nases (fdhF) (Figure 2). 

Using a doped pool of this mRNA hairpin, we were able 
to select a mutated version of this motif which also had 
the ability to bind tightly and specifically to SelB. To 
dissect SelB binding to the fdhF mRNA hairpin from the 
overall biological activity of this complex, four selected 
aptamers were analyzed in vivo for UGA readthrough in 
a lacZ fusion construct. Of these, only one promoted UGA 
readthrough in vivo. The other three aptamers, despite 
their secondary structures and binding affinities being 
similar to those of the wild-type motif, were severely 
impaired or unable to replace the fdhF mRNA hairpin 
function in vivo. This finding implies that the functions 
of the fdhF hairpin go beyond the mere tethering of 
selenocysteyl-tRNA Sec to the UGA codon via SelB. 

RNA aptamers against yeast polymerase II were se- 
lected in a collaborative study with the laboratory of A 
Sentenac, Gif-sur-Yvette, France. These oligonucleotides 
revealed specificity for polymerase II but do not inhibit 
polymerase I or polymerase III. The aptamers were found 
to interact preferentially with the two largest subunits of 
pol II, B220 and then B150. In vivo inhibition studies 
showed that, in yeast cells with an artificially reduced level 
of endogenous polymerase II. pol Ill-dependent expres- 
sion of binding aptamers caused a cell growth defect, 
whereas expressing control RNAs did not 50 (Figure 3). 

Shi et al. selected RNA aptamers that bind the RNA- 
binding protein B52. 51 B52 is a member of the SR protein 
family, 52 a class of nuclear proteins that play an essential 
role during pre-mRNA splicing in Drosophila melano- 
gaster. To elucidate the function of selected RNA aptamers 
in vivo, a pentameric aptamer was constructed and 
expressed in transgenic flies under the control of an 
inducible promotor. It was demonstrated that B52 colo- 
calizes with the pentameric aptamer at its sites of insertion 
in the polytene chromosome, indicating that the aptamer 
interacts with B52 in vivo. Since the level of B52 is critical 
for Drosophila development, deletion or overexpression 
of B52 leads to enhanced lethality and morphological 
defects. Shi et al. demonstrated that induced expression 
of the RNA aptamer in transgenic flies resulted in 50% 
higher lethality, presumably due to a reduced amount of 
available B52, the rest being sequestered by bound RNA 
aptamer. A second transgenic fly model that can overex- 
press both B52 and the RNA aptamer was used to further 
characterize the effects of the aptamer in vivo. In this 
model the authors showed that all effects caused by B52 
overexpression could be reversed by induced expression 
of the RNA aptamer. 




FIGURE 2. SelB protein and the fdhF and fdnG mRNA hairpins. (A) Schematic representation of the processes occurring during the 
cotranslational incorporation of selenocysteine at the ribosome. The quaternary complex between SelB, GTP (hexagon), selenocysteyl- 
tRNA 51 *, and the fdhF or fdnG mRNA hairpin is attached to the ribosome. (B) Schematic representation of SelB and its derivatives. Bot- 
tom: the full-length SelB protein (aa 1-614). The protein domain 4b corresponds to the ultimate C-tenminus of SelB (aa 472-614). In the 
truncated version SelBI-474, the C-terminal domain 4b was deleted. This derivative shows extensive homologies to EF-Tu (top). (C) Sec- 
ondary structures of the fdhF and fdnG mRNA hairpin motifs located immediately 3' of the UGA selenocysteine codon. (D) Constructs 
for testing in vivo activity of SelB-binding aptamers. Aptamer sequences shown in the boxes (right) were substituted for the boxed re- 
gion in the wild-type sequence (left). These constructs were used in a UGA stop codon readthrough assay using lacZ as the reporter 
gene." 
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FIGURE 3. Growth of yeast strain YF1971 cells expressing Pol II- 
specific aptamer RNA (8) compared to nonbinding RNAs from the 
unselected pool (A). Growing these cells in a leucine-rich medium 
leads to a reduction in the endogenous amount of Pol II. Aptamer- 
expressing cells clearly showed reduced growth under conditions 
of reduced Pol II expression. 

Intramers as Tools in Functional Genomics 

So far, successful in vivo expression of aptamers had been 
restricted to target proteins with a natural affinity for 
nucleic acids (Rev, SelB, Pol II, B52) and, in the case of 
eukaryotes, to a limited cellular compartment, the nucleus. 
We therefore decided to devote further research efforts 
to the question of whether techniques for in vivo expres- 
sion of aptamers could be expanded to cover a much 
broader scope, i.e., to target proteins with no intrinsic 
affinity for nucleic acids and to include other cellular 
compartments. As a start in this direction, we were 
interested in ablating the protein function of cytoplasmic 
targets with intacellular aptamers or intramers, since we 
believe this technology could have considerable impact 
on disease treatment and functional genomics. The emerg- 
ing field of functional genomics is dedicated to unmasking 
the physiological role of a gene product, particularly within 
the dynamic context of the interactive network of a cell 
where any information received from the environment is 
processed and results in a cellular response. In other 
words, functional genomics is an approach which links 
gene sequences obtained by various genome sequencing 
projects 53 " 57 to the function of the proteins they encode, 
including a huge number of gene products about which 
nothing is known. 5859 

Similar to intracellular antibodies (intrabodies 60-62 ), 
intracellularly expressed chemokines (intrakines), or pep- 
tide aptamers, 63 - 64 intramers promise to be an important 
tool in the attempts to inactivate a gene product without 
altering the genetic material. Like other intracellular 
modulators of protein function, intramers provide a 
conceptually simple approach to phenotypically knocking 
out protein function without altering the actual proteome 
status of a cell. Modulating a protein target within the 
context of its actual expression status inside a living cell 
would allow simpler and more focused analyses of its 
biological function and of its value as a potential phar- 
maceutical target. In contrast to genetic knock-out strate- 
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gies, these molecules can be used to recognize different 
protein domains, subdomains, catalytic centers, or post- 
translational modifications within the same protein, al- 
lowing a direct investigation of functional epitopes at the 
molecular level. Intracellularly expressed modulators of 
protein function could provide a high-resolution picture 
of the function of a protein in the context of a living cell. 
Why is this important? 

Most approaches to inhibiting a cellular component 
rely on investigating phenotypes of a cell or organism that 
differ from the wild-type as a result of altering the genetic 
information either by knock-out technologies or by ex- 
pression/overexpression of a protein or one of its mutant 
derivatives. As the target protein is probably involved in 
continuous cross-talk with other cellular components 
participating in the various regulatory pathways, its 
absence or overrepresentation is likely to alter the cellular 
composition, activity, or distribution of other molecules. 
Despite the power of these techniques, such effects can 
complicate the interpretation of an observed altered 
phenotype: it could be due to specifically targeting a key 
player that regulates the observed phenomenon, or alter- 
natively to unspecific deregulation of the regulatory 
system responsible. A good example of the complex effects 
caused by depleting a protein are the studies of the 
genome-wide transcriptional circuitry in yeast. Knock-out 
of the cyclin-dependent kinase SrblO, which is implicated 
in transcriptional regulation, resulted in the derepression 
of over 170 genes as well as the repression of a few 
others. 65 66 In addition to the problems associated with 
such complex effects, these approaches in functional 
genomics hardly ever distinguish between different do- 
mains or posttranslationally modified forms of the same 
protein. Thus, it is highly desirable to develop and apply 
methods that permit functional investigations of gene 
products in the natural context of a cell's proteome. We 
reasoned that intramers should be perfectly suited to act 
in various cellular compartments within the context of a 
living cell and thus help to fulfill the demand for specific 
intracellular inhibitors or modulators. 

Cytoplasmic Intramers 

As initial proof that this concept is valid, we recently 
developed a system that allows the expression of cyto- 
plasmic intramers. 15 As a first target, we chose the 
cytoplasmic domain of the human o.L/32 integrin subunit 
(CD18cyt), a transmembrane protein involved in various 
regulatory steps in immunology and cell adhesion, found 
exclusively on leukocytes. The j)2 integrins are a family of 
heterodimeric transmembrane proteins whose extracel- 
lular domains mediate the adhesion of leukocytes in 
immune and inflammatory responses by binding to the 
intercellular adhesion molecule- 1 0CAM-1) expressed on 
the surface of endothelial cells. The cytoplasmic domains 
of the integrin a and /? chains are thought to be involved 
in the transmission of signals from inside the cell across 
the plasma membrane to the surface-a process that is 
also referred to as "inside-out" signaling. 67 68 
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FIGURE 4. Design of the T7 RNA expression cassette. In the TR 
vector the T7 promoter is located upstream of aptamer-encoding 
DNA, which is inserted between 5'- and 3'-stem-loop structures. 
These serve as both RNA-stabilizing motifs and a termination signal 
for the T7 transcript Aptamers retain full binding activity when 
inserted between the stabilizing stem-loops. 




FIGURE 5. Schematic representation of the vaccinia virus-based 
RNA expression system. 

The RNA aptamers used for this approach were isolated 
by in vitro selection against a synthetic, agarose-im- 
mobilized peptide of 46 amino acids that comprised the 
cytoplasmic domain of the & integrin LFA-1, or CD 18. To 
allow endogenous expression and investigation into their 
biological function in vivo, aptamer sequences were 
cloned into an RNA expression cassette, the TR vector. In 
this vector, the T7 promotor is located upstream of 
aptamer-encoding DNA, which is in turn inserted between 
5'- and 3'-stem-loop structures that serve as RNA-stabiliz- 
ing motifs and are required for correct termination of the 
T7 transcripts (Figure 4). 

By native gel-shift assays it was shown that aptamers 
retain full binding activity, even when located between 
the stabilizing stem-loops. We then infected Jurkat E6 and 
peripheral blood mononuclear cells (PBMCs) with vaccinia 
viruses that encode the intramer sequences. Infection with 
a second vaccinia virus encoding for the T7 RNA poly- 
merase was required for endogenous intramer expression 
(Figure 5). 

Adhesion assays demonstrated that the intramers 
specific for the cytoplasmic domain of /3 2 integrin can 
block phorbolester-stimulated cell adhesion to immobi- 
lized ICAM-1 in Jurkat E6 cells and PBMCs. 

This study answered a number of questions that arose 
before we considered using intramers as modulators of 
cytoplasmic regulatory pathways; it showed that (i) aptam- 
ers can be inserted between different sequence motifs 
without loss of function, (ii) functional intramers can be 
expressed at high levels in the cytoplasm, and (iii) they 
can selectively alter the phenotype of cells in which they 
are expressed. In the case of the fi 2 integrin-binding 



;, it is likely that they do this by localizing and 
binding their target at the plasma membrane. 

Future Prospects 

Intracellular aptamers provide diverse and versatile in- 
struments that allow the targeted manipulation of cellular 
physiology. They can be used to control the intracellular 
function of proteins either by blocking ribosomal transla- 
tion or by modulating the gene product directly. The 
strategy of using intramers as specific inhibitors of en- 
dogenous proteins has significant advantages over the 
most frequently applied current approaches in functional 
genomics. Because nucleic acids are naturally located 
inside cells, intramers are pre-adapted to function in the 
intracellular context. Furthermore, intramers can be ap- 
plied in diverse cellular compartments, including the 
cytoplasm, where most antibodies or scFv would lose their 
function, presumably due to incorrect folding in the 
reductive intracellular environment. As the in vitro selec- 
tion approach is highly robust and requires no intermedi- 
ate amplification steps in living cells, it has been possible 
to adapt the process to fully automated selection protocols 
which might be further optimized to screen for hundreds 
of aptamer effectors in a few days. 69 In principle, the 
powerful methods which are established for the high- 
throughput decryption of the genetic information could 
now be used to analyze the encoded functionalities in a 
similarly efficient manner. Intramers selected either in 
vitro or in vivo could offer a convenient and time-saving 
method to quickly gain insights into the biological role of 
the numerous, so far poorly characterized intracellular 
proteins. 

We dedicate this paper to Professor Ernst-L. Winnacker. The 
research described herein was supported by the Deutsche Fors- 
chungsgemeinschaft, the European Union, the Fonds der Chemis- 
chen Industrie, Boehringer Mannheim, and the Consortium der 
Eieklrochemischen Industrie, Munchen. M.F. extends his most 
sincere thanks to all of the co-workers and collaborators who have 
contributed to this project over the past 7 years. Their names 
appear throughout the references. 
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